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Extensive studies have demonstrated the potent ability of many 
nutraceuticals to alleviate the symptoms of aging and stress.  We found that 
cranberry extract (CBE) supplementation at an optimum concentration could 
prolong Caenorhabditis elegans (C. elegans) lifespan in a manner of daf-16 and 
osr-1 dependence. Considering that aging is a progressive degeneration of 
physiological functions, it is intriguing to know whether CBE consumption may 
delay the age-related degenerative changes in animals. Thus, we examined the 
effect of CBE consumption on healthspan in C. elegans populations with different 
ages and age-related disorders. Our results suggest that long-term CBE 
supplementation leads to a profound extension of lifespan associated with the 
enhancement of cognitive skills and a reduction in muscular degeneration in 
aged worms. In addition, we found that CBE supplementation improves the 
health status of C. elegans models of human proteotoxic diseases, like 
Alzheimer’s disease, Huntington’s disease, etc. Taken together, our findings 
suggest that cranberry has profound benefits on the aging process in C. elegans, 
prompting the development of a dietary (cranberry) intervention against aging 
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CHAPTER ONE: AGING INTERVENTIONS IN CAENORHABDITIS ELEGANS AND 
HEALTH BENEFITS OF CRANBERRY 
1.1. Introduction 
The elderly population of the world is increasing every year and this 
increase is a cause of concern for health care systems around the world. The field 
of aging biology is very new, and recently a lot of research has been focused in 
this field to understand the underpinning mechanisms behind it.  One of the 
ways to combat aging and improve health status is nutritional intervention using 
specially designed food products which would help improve the quality of life for 
the elderly. It has been well documented that various food products like berries 
which have high nutritional value have many beneficial effects. The branch of 
biology wherein we study how nutrients cause genetic variations is known as 
nutragenetics. Aging is influenced by a multitude of factors and one of the ways 
to combat the effects of aging is to have a balanced diet.  However, it is difficult to 
assess the beneficial effects of these components on the aging process with 
humans due to the high cost, duration and other complications involved in using 
short-term dietary supplementation studies. Hence, the use of various models 
systems has emerged as a powerful tool to understand the process of aging. 
Some of the most commonly used invertebrates for studying the mechanisms of 
aging are Saccharomyces cerevisiae, Drosophila melanogaster, and Caenorhabditis 
elegans.  
In our studies we used the model organism C. elegans to test the effects of 
dietary interventions. The genetic model C. elegans is a free living, soil dwelling 
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nematode. C. elegans (Fig. 1) has become an attractive model organism for many 
reasons, including its short lifespan, easy handling maintenance, availability of 
full genome sequence data, ease of manipulation of its genome, homology with 
the human genome and the existence of a good collection of mutants. 
Numerous compounds have been studied for their benefits. These 
compounds can be categorized as follows: Complex compounds derived from 
plants (Wu et al.,2002; Strayer et al., 2003; Aggarwal and Harikumar,2009; Dong 
et al., 2012; Xue et al., 2011), antioxidants (Cho et al., 2007), purified compounds 
obtained from complex mixtures (Boots et al., 2008; Baur and Sinclair 2006). Out 
of all these dietary nutraceuticals, we chose American cranberry Vaccinium 
macrocarpon to study its health benefits in the model system C. elegans. 
1.2 C. elegans as a model system 
The life cycle of these worms is approximately 3.5- 4 days at 20°C and the 
organisms have an average lifespan of about 2–3 weeks under normal 
conditions. The adults are usually about 1 mm in length and easily observable 
under a dissecting microscope. The bodies of these nematodes are transparent, 
which makes it easier to observe the internal organs systems. Under regular lab 
conditions the worms are fed bacteria such as Escherichia coli OP50 in liquid 
medium or on agar plates, and can be easily cultivated in large numbers. These 
nematodes have five pairs of autosomes and one pair of sex chromosomes. The 
worms only have two sexes, hermaphrodites and males. A single hermaphrodite 
worm can lay up to 300 eggs by self-fertilization. The Wild-type N2 worms 
consist of 959 somatic cells, 302 of which are neurons (Riddle et al., 1997). 
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The worm model system provides the flexibility of carrying out various 
genetic manipulations with ease in a eukaryote model. Strains that overexpress a 
gene or lack a gene function can be efficiently generated and the resulting 
phenotypes can be rapidly identified.  The use of this model has given us many 
clues to gene structure, expression patterns, and protein-protein interactions. 
One of the most important genetic manipulation techniques is RNA interference 
(RNAi). RNAi has been used effectively and extensively in this model to study 
various interactions and pathways.  
Major developments have occurred in the field of aging biology since the 
introduction of C. elegans into the laboratory setting. The use of C. elegans as a 
tool in modern day biology has improved our understanding about the genetic 
mechanisms involved in the fields of aging, metabolism, stress response, etc. 
Measuring aging in these animals can be a challenge sometimes, since aging is 
multifactorial process.  Also, each individual may have a different response. 
Hence, when carrying out assays using C. elegans, we need to use larger 
populations and validate the data using appropriate statistical tools. Lifespan 
assays are the most commonly used parameter to study the aging process in 
worms for most interventions. These lifespan assays are fairly straight forward 
and are usually carried out from hatching/L1 stage or the young adult/L4 stage 
for a population of worms. The worms are usually checked every day to 
determine the number of dead or alive worms (Johnson,1987), but there are 
some drawbacks of this assay, which include not taking into account the periods 




It is also possible to measure the decline of regular functions/behaviors, 
such as reproduction, body movement, or pharyngeal pumping (Huang et al., 
2004; Johnson, 1987). Similar to lifespan, these measurements have the 
limitation that they are not specific for aging since they may include 
maturational periods. Because of the limitations with each assay, a combination 
of assays provides the most comprehensive and specific information about the 
aging process. 
1.2.1 Pathways involved in aging and stress response 
Environmental factors play a key role in organismal aging. Diet, stress, etc. 
are known to affect the aging process. Many mechanisms have been implicated in 
reversing the insults of aging. Here, we discuss in detail the pathways that play a 
key role in bringing about lifespan extension and also the role of dietary 
restriction (DR), which is a method of modulating lifespan without 
malnourishing the organism. 
Many pathways have been studied and are known to play key roles in the 
aging process.  Insulin/IGF signaling (IIS) pathway affects longevity in diverse 









In C. elegans, initiation of the signaling cascade occurs when DAF-2, the 
sole insulin/IGF-1 receptor, binds to insulin-like ligands. Activated DAF-2 
recruits AGE-1, a phosphatidylinositol 3-kinase (PI(3)K) (Berrymen et al., 2008; 
Guarente and Kenyon, 2000). This kinase is antagonized by DAF-18, a homolog of 
human PTEN with IP3 phosphatase activity. Subsequently, the PIP3 activates the 
AKT-family kinases and SGK-1 in a PDK-1-kinase-dependent manner (Hertweck 
et al., 2004). These active kinases inactivate the transcription factor DAF-16 by 
phosphorylation and keep it out of the nucleus, rendering it incapable of 
promoting or repressing gene expression. Thus, multiple effector kinases of the 
DAF-2 signaling pathway converge to negatively regulate DAF-16 activity by 
changing its localization within the cell (Hertweck et al., 2004; Kenyon, 2010; 
Henderson and Johnson 2001)(fig. 1.2).  
The gene hsf-1 encodes the C. elegans heat shock transcription factor 
(HSF-1). This transcription factor regulates various stress-inducible genes. It is 
also essential for stress response against heat-shock and proteotoxicity 
response. Hsu et.al showed that reducing hsf-1 activity in C. elegans shortens life-
span, but hsf-1 overexpression extends life-span. They also showed that HSF-1 is 
required for daf-2-insulin/IGF-1 receptor mutations to extend life-span. HSF-1 
also plays a significant role in larval development, innate immunity and adult 






Figure 1.2: A schematic presentation of how the insulin/IGF-1 






















HSF-1 which is a transcription factor modulates the activity of various 
downstream targets and Heat Shock Proteins (HSPs) which might help with 
various protective phenomena. HSPs play a major role as chaperones and help 
maintain the structure and activity of various proteins (Hartl and Hayer-
Hartl,2002; Kern et al., 2010; Stringham et al.,1992). 
SIR2 proteins are evolutionarily conserved proteins and function like 
protein deacetylase or ADP-ribosyl transferase to post-translationally modify 
many targets which in turn regulate a broad constellation of biological processes 
through the epigenetic control of gene expression. Interestingly, many of these 
processes have direct and indirect effects on aging (Guarente, 2007). In addition, 
it is notable that SIR2 proteins can regulate lifespan and aging processes partly 
through modulating caloric restriction pathways and linking the nutritional 
status of the cell to transcriptional regulation. This unique trait of SIR2 proteins 
in diet makes them ideal indicators of longevity and aging.  Sirtuin activating 
compounds (STACs) are molecules which stimulate the deacetylation of proteins 
which are members of the SIR2-like protein family (Howitz et al., 2003). 
Resveratrol has been thought to function as a STAC. The mechanism by which it 
increases the lifespan of yeasts is similar to that of DR. In worms and fruit flies, 
the activation of DR-like pathway is implicated in resveratrol mediated extension 
in lifespan, which also requires the activation of sirtuins (Wood et al., 2004). In 
another study it was shown that resveratrol supplementation led to improved 
survival of mice which were fed with high calorie diet (Baur et al.,2006).  In 
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studies carried out by Viswanathan et.al (2005), it was observed that resveratrol 
mediated lifespan extension was independent of daf-16 in C. elegans, but it 
required abu-11, a member of this ER stress gene family. Using RNA interference 
of abu-11 in worms, they found that the resveratrol mediated lifespan extension 
was abolished in these worms; on the other hand it was also observed that 
overexpression of abu-11 extended the lifespan of transgenic animals.  
Other pathways have also been shown to play a key role in the lifespan 
extension process. These pathways are either independent of or partially 
dependent on the Insulin/IGF signaling (IIS) pathway.  OSR-1 is known to 
regulate survival under osmotic stress by CaMKII and p38 MAP kinase signaling 
cascade (Solomon et al.,2004). In recent studies, it has been shown that certain 
polyphenolic compounds bring about lifespan extension via this this pathway 
(Wilson et al., 2006). SKN-1 protein induces phase II detoxification gene 
transcription and it is required for oxidative stress resistance and longevity in C. 
elegans. Oxidative stress induces SKN-1 to accumulate in intestinal nuclei, which 
requires the components of p38 mitogen-activated protein kinase signaling (An 
et al., 2005; Tullet et al.,2008) 
One of the major pathways which can affect aging apart from the insulin 
signaling pathways is the TOR signaling pathway.  TOR proteins are recognized 
as sensors for nutrient availability and cellular growth. TOR was characterized 
from the studies of antifungal agent rapamycin and its mode of action.  In yeast, 
worms, and flies, modulating the TOR by genetic or pharmacological methods 
greatly improves life span (Kapahi, 2010). The TOR signaling pathways are also 
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know to extensively interact with IIS (Sengupta et al., 2010; Sparks and Guertin 
2010; Wullschleger, 2006; Fenton and Gout, 2011; Ma and Blenis, 2009; 
Sarbassov et al., 2005). TOR protein is the core component of the TOR pathway, 
acting as a kinase. Associated with Raptor and mLst8 (Guertin and Sabatini, 
2005), TOR forms a functionally complex TORC1 (TOR complex 1). Reduction of 
TOR signaling prolongs lifespan in species ranging from invertebrates to rodents 
(Kapahi et al., 2010). In detail, deletion of tor1 (one of the yeast TOR) extends 
both chronological and replicative lifespans in budding yeast (McCormick et al., 
2011). The absence of let-363 (the TOR homolog in worm) or rsks-1 (the S6K 
homolog in worm) prolongs C. elegans lifespan (Hansen et al., 2007). 
It is well-established that mitochondrial respiration plays a significant 
role in energy production, studies have shown that mitochondrial mechanisms 
play a key role in DR response and aging process. The mutation of mitochondrial 
respiration components, such as clk-1, the enzyme in ubiquinone synthesis 
and isp-1, a component of respiratory chain complex III, were shown to reduce 
the oxygen consumption and ATP synthesis of worms (Dillin et al., 2002; 
Lakowski and Hekimi, 1998) and these mutations are known to modulate the 
process of aging and stress response in these worms. 
1.2.2 Dietary restriction (DR) 
The study of how diet plays a key role in lifespan extension has been a 
topic of intense research. One of the methods to postpone aging and increase 
lifespan is DR. The effects of DR have been studied widely. McCay et al. (1989) 
showed that rats fed on a diet that was calorie-restricted lived longer than 
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control rats fed on regular diet. The effect of DR has been tested in other model 
systems by decreasing the nutrient intake or growing in axenic media and has 
been shown to prevent aging. DR is also known to help against several aging 
related disorders like cancer, diabetes, neurodegenerative diseases (Cohen et al. , 
2006; Hart and Turturro, 1997).  
DR is known to activate a variety of pathways and regulates several genes 
by epigenetic modifications. DR reduces IGF-1 signaling as serum insulin levels 
are lowered (Shimokawa et al., 2006). Under nutrient limiting conditions AMPK 
(5'-adenosine monophosphate-activated protein kinase) becomes activated. C. 
elegans under adverse conditions of crowding, food availability, or temperature 
enters into dauer phase after the second developmental cycle. Dauer stage 
worms can stay alive for months at a time and are highly stress resistant. In C. 
elegans, this phenomenon is modulated by the insulin/IGF signaling. There is a 
reduction in IGF-1 and insulin signaling under DR which is thought to be the 
basis for lifespan extension under DR in a wide variety of organisms like worms 
and fruit flies (Berrymen et al., 2008). eat-2 mutants, which have a reduced 
pharyngeal pumping rates and hence limited uptake of food, are shown to have 
an increased lifespan under DR, pointing to the fact that DR is not required for 
lifespan extension (McKay et al., 2004). Interestingly, in worms DR completely 
abolishes the extended lifespan of clk-1 mutants which is responsible for 
biosynthesis of ubiquinone and is required for normal growth and development 
(Lakowski and Hekimi 1998). 
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The other pathways that have been implicated in DR mediated lifespan 
extension and are independent of insulin/IGF signaling are target of rapamycin 
(TOR), PHA-4 and sirtuins related pathways. Sirtuins are NAD+ dependent 
protein deacetylases and have energy sensing mechanisms and hence play a 
significant role in DR mediated lifespan extension. There is an upregulation of sir 
2.1 in yeasts and in mammalian homologue SIRT1 under DR which in turn 
extends lifespan (Guarente, 2006). DR mediated lifespan extension follows 
another pathway which is the mTOR pathway (Inoki and Guan, 2006). In worms, 
PHA-4 is an ortholog of the mammalian Foxa family of forkhead transcription 
factors. It is required for normal growth and early development of worms. RNAi 
screening revealed that DR mediated lifespan extension requires the activity of 
pha-4 (Kenyon et al., 1993). 
Recent studies have shown that DR-dependent longevity also leads to 
epigenetic modifications which are primarily DNA methylation and histone 
modification (Li et al., 2011). DR is thought to recover aging induced aberrations 
in DNA methylation patterns at specific loci (Muñoz-Najar and Sedivy 2011). 
1.3 Dietary Botanicals  
Dietary intervention is one of the most common ways to protect the body 
from the insults of environmental stress. Numerous fruits and extracts have been 
studied extensively and their roles in preventing aging and stress have been 
established using model organisms. Most of the active ingredients that are 
produced by these plants are “secondary compounds” which help the plants 
overcome stressful conditions (Winkel-Shirley, 2002). These beneficial 
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properties can be attributed to the variety of phytochemicals present in these 
botanicals which include flavonoids, anthocyanin glycosides, triterpenoids and 
proanthocyanidin oligomers. Some widely studied botanicals are turmeric, 
blueberry, cranberry, cocoa, ginkgo, amongst others. A myriad amount of 
phytochemicals have been isolated from some of these botanicals; these pure 
compounds isolated from a complex mixture have been shown to have massive 
potential.  
1.3.1 Oregano and cranberry 
Cranberry and oregano have been shown to have a multitude of health 
benefits including anti-microbial, anti-viral, anti-mutagenic, anti-angiogenic and 
anti-oxidative properties. In a study carried out using Mexican fruit flies, it was 
found that mixture of oregano and cranberry (OC) could increase lifespan in a 
dosage dependent manner (Zou et al., 2010). The other factors that were 
involved in this lifespan extension were gender and choice of diet, which was 
comprised of sugar and yeast extract (SY). The best results were observed in 
females fed with SY 24:1 diet with 2% OC. It was shown that supplementation 
with this mixture did not affect the normal behaviors like egg laying capacity in 
these flies. 
We have recently assessed the effect of cranberry extract alone on 
lifespan and healthspan in C. elegans. Our data indicate that the cranberry extract 
alone is sufficient to prolong lifespan in C. elegans. The cranberry-mediated 
lifespan extension was suppressed almost completely by the absence of DAF-16, 
a forkhead transcription factor in the IIS. Cranberry supplementation did not 
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further extend the lifespan of DAF-2 or AGE-1 mutants either. DAF-2 and AGE-1 
are an insulin-like receptor and phosphatidylinositol 3 kinase (PI3-K) in the IIS 
pathway of C. elegans. Cranberry is high in antioxidants and phytochemicals, 
including proanthocyanidins and vitamin C, which may neutralize free radicals 
and reduce oxidative damage, and, more importantly, modulate signaling 
transduction pathways (Guarente and Kenyon, 2000). Our findings suggest that 
IIS and DAF-16 play an important role in cranberry mediated prolongevity in C. 
elegans. Further studies are warranted to determine to what extent the 
prolongevity effect of cranberry can be attributed to its antioxidant properties 
(Dong et al., 2012). 
1.3.2 Ginkgo biloba extract (EGb 761) 
Ginkgo has been widely used in ancient Chinese medicine. Extracts form 
Ginkgo leafs are rich in flavonoids and terpenoids, which have a wide variety of 
applications in modern as well as traditional medicine. Wu et al. (2002) found 
that the Ginkgo biloba extract EGb761 extends the lifespan of wild type C. elegans 
by approximately 10%. In this study it was also shown that EGb761 also helped 
the worms resist oxidative stress generated by jugulone, and improved the 
worms’ health, under heat shock. In another study it was found that stress 
induced expression of Hsp-16.2 was suppressed by EGb761 treated C. elegans 
which led to its improved survival (Strayer et al., 2003). EGb761 has also been 






Blueberry contains a wide array of polyphenols. One of the studies carried 
out on aged F344 rats showed that the supplementation of blueberry, 
strawberry, and spinach improved the neuronal functioning (Joseph et al.,1999). 
Wilson et al. (Wilson et al., 2006) studied the effects of blueberry extracts on 
aging and normal behavior of C. elegans. They found that blueberry extract did 
significantly increase the lifespan of C. elegans. Blueberry supplementation also 
improved the pharyngeal pumping rates of the aged worms. There was a 20% 
reduction in age related lipofuscin levels and 4-HNE levels were also found to be 
lower in 14 day old adults treated with blueberry. It was also observed that 
blueberry treatment leads to lower levels of heat shock protein mRNA related to 
aging. To determine which pathway was bringing about this lifespan extension, 
they tested many loss of function mutants, they found that the major pathways of 
aging (insulin/IGF, SIR 2.1 etc.) were not playing a key role in this lifespan 
extension; instead they found out that the OSR-1/UNC-43/SEK-1 was playing a 
key role in this lifespan extension. They also found that the fraction which had 
the lifespan extending property was proanthocyanidins (PACs).It was also 
observed that blueberry supplementation led to protection against heat shock. 
1.3.4 Cocoa polyphenols 
A lot of interesting polyphenols have been isolated from cocoa and its 
derivatives. These polyphenols have been attributed to many health benefits, 
which include improving endothelial function and protection against 
cardiovascular disease (Wang-Polagruto, et al., 2006; Keen, et al., 2005). One of 
16 
 
the major components of cocoa polyphenols is flavonoids. Martorell et.al (2011) 
evaluated the anti-oxidative properties of cocoa powder enriched with 
flavonoids. They used budding yeast, Saccharomyces cerevisiae, and C. elegans as 
model systems for their studies. There was a protection against oxidative stress 
in yeasts as well as worms; additionally, it was observed that these polyphenols 
could also extend the lifespan of C. elegans. They also observed that the protease-
treated cocoa powder had a higher anti-oxidative capacity as compared to the 
untreated ones, indicating that protease acts by breaking the bonds between 
polyphenol and peptides, hence, increasing the anti-oxidative capacity. 
Interestingly, it was observed that the metabolic target of these compounds in 
yeasts was the gene HST3, which belongs to the Sir2 family of histone 
deacetylases. 
Similarly, in C. elegans it was observed that the cocoa powder enriched 
with flavonoids, was able to resist oxidative stress. It was also shown that this 
compound could increase the lifespan of wild N2 worms by 17%. This extension 
in lifespan was mediated by sir 2.1, which is a homolog of yeast Hst3p gene, 
which was consistent with the previous data obtained in yeasts. The ingredient 
failed to increase the lifespan of daf-16 mutant worms, suggesting the key role 
played by insulin/IGF-1 signaling pathway in this process. 
1.4 Discussion 
Recently many major developments have taken place in the field of aging 
biology and a lot of this has been linked to metabolism and dietary interventions. 
Various compounds and nutraceuticals have shown to prevent and protect 
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against aging and stress. These studies are really exciting because they open up 
the doors for a series of new studies in which a wide array of anti-oxidants, 
polyphenolics and other compounds can be tested for their efficacy as an anti-
aging, anti-stress and health promoting agent. Some of these compounds are 
currently being tested for their therapeutic potential and are undergoing 
preliminary clinical trials. Resveratrol and Valproic acid are currently being 
tested for their anti-cancer properties as well as efficacy versus other aging 
related diseases (Richon and O’Brian 2002; Patel et al., 2011).  Similarly, we are 
currently examining the health promoting activities of cranberry and 
investigating what the underpinning mechanisms behind them might be. Since a 
lot of previous studies have highlighted the benefits of cranberry (Burger et al., 
2000; Pappas and Schaich 2009; Steinberg et al., 2004), it would be interesting to 
see if cranberry supplementation in our model system C. elegans would have 
similar health benefits, as well as other associated benefits. If we are successful 
in showing such health benefits we can carry similar trials in higher organisms 
and eventually in humans. 
One of the potential pitfalls of this type of study is that, although some of 
these compounds might show promising results in these model systems, they 
might not have similar effects on higher organisms or humans, but, the 
advantages of these types of screening methods are its ease of obtaining results 
in a quicker and systematic way. The data generated from such experiments are 
always useful and maybe someday help to find a treatment for aging related 
diseases and help improve lifespan, leading to healthy aging.  
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Nutraceuticals are known to have numerous health and disease 
preventing properties.  Recent studies suggest that extracts containing cranberry 
may have anti-aging benefits. However, little is known about whether and how 
cranberry by itself promotes longevity and healthspan in any organism. Here we 
examined the effect of a cranberry only extract on lifespan and healthspan in 
Caenorhabditis elegans. Supplementation of the diet with cranberry extract (CBE) 
increased lifespan in C. elegans in a concentration-dependent manner. Cranberry 
also increased tolerance of C. elegans to heat shock, but not to oxidative stress or 
ultraviolet irradiation. In addition, we tested the effect of cranberry on brood 
size and motility, and found that cranberry did not influence these behaviors. 
Our mechanistic studies indicated that lifespan extension induced by CBE 
requires the insulin/IGF signaling pathway and DAF-16. We also found that 
cranberry promotes longevity through osmotic stress resistant-1 (OSR-1) and 
one of its downstream effectors, UNC-43, but not through SEK-1, a component of 
the p38 MAP kinase pathway. However, SIR-2.1 and JNK signaling pathways are 
not required for cranberry to promote longevity. Our findings suggest that 
cranberry supplementation confers increased longevity and stress resistance in 
C. elegans through pathways modulated by daf-16 and osr-1. This study reveals 
the anti-aging property of widely consumed cranberry and elucidates the 






Delaying aging and the onset of age-related diseases is one of the major 
challenges in human societies worldwide. Dietary intervention is an effective 
non-genetic way to combat the effect of aging and to improve health. Botanicals, 
such as blueberry and cranberry, contain numerous biologically active 
phytochemicals that are thought to be potent in preventing various diseases and 
promoting health (Liu, 2004). The North American cranberry (Vaccinium 
macrocarpon) and its constituent products have been shown to provide 
numerous health benefits to humans, including anti-microbial, anti-virus, anti-
mutagenesis, anti-angiogenesis, and antioxidation (Pappas and Schaich, 2009). 
The anti-microbial activity of cranberry has been widely recognized, due to its 
potency in the  prevention of urinary tract infections (Walker et al., 1997) and 
probably stomach ulcers (Burger et al., 2002), as well as improvement of oral 
hygiene (Steinberg et al.,  2004). The anti-microbial effect is likely attributable to 
the ability of cranberry to interfere with the adhesion of pathogens to the 
surfaces of host cells (Howell, 2007; Sobota, 1984). In addition, in vitro studies 
suggest that cranberry phenolics are capable of reducing the level of low-density 
lipoprotein (LDL) and preventing platelet aggregation and thrombosis, which 
result in a reduction of blood pressure and/or inflammation (Bodet et al., 2006; 
Wilson et al.,1998). Cranberries have also been shown to inhibit the growth and 
proliferation of tumors in a broad spectrum fashion (Baur and Sinclair 2006; 
Liu 2004; Verma et al., 1988). The anti-cancer properties can be attributed to a 
variety of phytochemicals in cranberry, including proanthocyanidin oligomers, 
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flavonols, anthocyanin glycosides, and triterpenoids. These phytochemicals can 
regulate cell apoptosis, DNA repair, and anti-inflammation (Bodet et 
al., 2006, 2007a, b; Neto 2007b; Neto et al., 2008).  
A recent study showed that a mixture of cranberry and oregano extracts 
had a prolongevity effect in the Mexican fruit fly (Zou et al., 2010).  However, it 
has not been determined whether the cranberry extract alone can promote 
longevity in any organism and the mechanisms underlying the anti-aging 
property of cranberry has not been defined. Here we have undertaken a study to 
investigate the prolongevity property of the cranberry extract (CBE) in C. 
elegans.  C. elegans is a genetically tractable multi-cellular model organism that is 
widely used to investigate the mechanisms of aging and aging interventions 
 (Guarente and Kenyon 2000; Kenyon 2010; Pietsch et al., 2011; Wilson et 
al., 2006; Zou et al., 2007). A number of genes and pathways have been identified 
to modulate lifespan. Many of these lifespan determinants are evolutionally 
conserved among diverse species. For instance, DAF-16/FOXO is a major 
longevity determinant and highly conserved in organisms ranging from worms, 
flies, rodents to humans to regulate various biological processes, including cell 
proliferation, apoptosis, stress resistance and, carbohydrate, protein, and lipid 
metabolism, as well as β-cell development and function (Ai et al., 2010; van der 
Horst and Burgering 2007). The insulin/IGF signaling (IIS) pathway modulates 
lifespan in species ranging from worms and flies to mammals (Ziv and Hu 2010). 
In C. elegans, insulin-like ligands bind to DAF-2, the counterpart of mammalian 
insulin/IGF-1 receptor, to initiate the signaling cascade. Subsequently, 
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phosphorylation of AGE-1, PDK-1, and AKT-1/2 inactivates DAF-16/FOXOs by 
sequestering the protein in the cytosol  (Cohen and Dillin 2008; Hertweck et 
al., 2004; Lee et al., 2001; Morris et al., 1996). Mutations in daf-2, age-1 and akt-
1/2, or increasing expression of daf-16 can lead to reduction of the IIS and 
extension of lifespan in C. elegans. We report here that a cranberry extract can 
increase both lifespan and thermotolerance in C. elegans, a species rich in genetic 
resources. The lifespan extension induced by CBE is not associated with changes 
in worm’s resistance to oxidative stress, ultraviolet (UV) irradiation, osmotic 
stress, or physiological functions, such as brood size and motility. Our genetic 
epistasis analyses suggest that CBE promotes longevity by acting through the 
insulin signaling cascade and DAF-16, and requiring components of the osmotic 
stress response pathway, OSR-1 and UNC-43.  Our findings reveal the 
prolongevity property of cranberry and the molecular mechanisms by which 
cranberry promotes longevity.   
2.3 Materials and methods 
2.3.1 Strains and growth conditions 
All strains were maintained at 20 °C on nematode growth medium (NGM) 
seeded with Escherichia coli OP50 feeding strain. 100µl of OP50 was dropped on 
the center of the 60 mm NGM plates, which were allowed to dry overnight before 
the culture assays were carried out. Strains used in this study were: N2, Bristol 
(wild type), daf-16 (mgDf50), sir-2.1(ok434), osr-1(rm1), sek-1(ag1), unc-
43(n1186), daf-2(e1370) III, jnk-1(gk7), age-1(hx546), daf-16(mgDf47) I; 
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xrIs8,rsks-1(ok1255). All the strains were obtained from the Caenorhabditis 
Genetics Center (CGC), University of Minnesota, USA. 
2.3.2 Cranberry extract preparation 
The cranberry extract was kindly provided by R. Ghaedian (Decas 
Cranberry Products, Inc., Carver, MA), and was described in a previously 
published study (Zhu et al., 2011).  To prepare cranberry supplemented food, the 
cranberry extract in powder was first dissolved in sterile distilled water. A 10% 
fresh stock solution was prepared one day before the assay and then the 
appropriate dilutions were overlaid onto the NGM plates. 
2.3.3 Lifespan assay 
All lifespan assays were carried out at 25°C. Synchronized populations 
were obtained by allowing 10-15 hermaphrodites lay eggs overnight and the 
next day the parents were removed. The eggs were allowed to hatch and 30 
L4/young adult worms per plate (NGM plate containing 50µg/ml FUDR to 
prevent the growth of progeny) were used for each assay. All the assays were 
carried out in triplicates and a minimum of two independent trials were 
performed for all conditions. The dead worms were counted starting the next 
day and exploding, protruding, bagging or contaminated worms were censored if 
applicable. We defined the day when we transferred the L4/young adult worms 
as day 0 of adult age. All statistical analyses were carried out using SPSS software 
(IBM SPSS Statistics). Kaplan-Meier lifespan analysis was carried out and p-




2.3.4 Stress assays 
For stress assays, worms were pretreated with 2mg/ml CBE for two 
generations at 25°C on OP50 seeded NGM plates. Worms on regular NGM plates 
without CBE served as controls. Each assay was carried out in three independent 
trials, and the data were pooled and analyzed using Student’s t-test. p <0.05 was 
accepted as statistically significant. 
For the oxidative stress assay, we first tested the survival of L4/young 
adult N2 worms at 25°C on NGM plates containing serial dilutions of paraquat 
(0.1mM - 10mM)  (Sigma-Aldrich, Corp. St. Louis, MO, USA) . The concentration, 5 
mM, that resulted in ~ 20% of worm death on the second day (LD20 = 5 mM) was 
selected for subsequent cranberry protection assays. CBE pretreated L4/young 
adult worms and their controls were transferred onto NGM plates containing 
5mM paraquat, and the survival was counted daily until all worms died (i.e. the 
10th day after paraquat exposure).  
The UV induced stress assay was carried out using a UV crosslinker (CL-
1000 Ultraviolet Crosslinker UVP). We first determined the LD20 by subjecting 
L4/young adult worms to UV irradiation in the range of 0.05 to 1.0 J/cm2 for 20, 
30, and 60 seconds, respectively. Their survival rates were monitored on the 
second day. We found that the LD20 was at 0.05 J/cm2 for 20 seconds, which was 
chosen for subsequent experiments. For the cranberry protection assay, CBE 
pretreated L4/young adult worms and controls were transferred to CBE (2 
mg/ml) plates and NGM plates, respectively, and were irradiated at 0.05 J/cm2 
for 20 seconds. The lifespan of the worms was followed at 25oC.  
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The heat shock assay was performed as described previously (Pietsch et 
al., 2009; Strayer et al., 2003) with some modifications. CBE pretreated 
L4/young adult stage worms and controls were transferred to CBE 
supplemented (2mg/ml) plates and regular NGM plates, respectively. The plates 
were incubated at 37°C for 3.5 hours and then transferred back to 25°C. The 
survival of worms was monitored daily.  
The osmotic stress assay was conducted as described previously 
(Solomon et al., 2004). For the acute osmotic stress assay, CBE pretreated worms 
and their controls were exposed to high salt concentrations (300mM and 500mM 
NaCl) for 10 minutes and then transferred to regular unseeded NGM plates to 
monitor their motility behavior. For the chronic osmotic stress, CBE treated and 
non-treated worms were subjected to a high salt concentration (500mM) and 
then their mortality rate was monitored for the next 12 hours.  
2.3.5 Measurement of reactive oxygen species (ROS)  
Intracellular ROS levels were measured using 2’,7’-dichlorofluorescein 
diacetate (DCF-DA) (Molecular Probes, Carlsbad, CA, USA) as described 
previously (Lee et al., 2009, 2010) with some modifications. CBE pretreated and 
non-treated L4/young adult worms were exposed to 5mM paraquat and 
collected at day 1 and day 4. Age-matched CBE pretreated and non-treated adult 
worms without paraquat challenge were used as controls. For each assay, 
approximately 1,000 worms were collected and washed three times with M9 
buffer to remove bacteria. Worms were then washed with 100 μl of PBS once and 
were immediately frozen by placing them in a -80°C freezer. The worm extracts 
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were prepared by sonication and subsequent centrifugation at 13,000 rpm at 4°C 
for 30 minutes. The supernatant was transferred to a new tube and centrifuged 
again at 13,000 rpm at 4°C for 30 minutes. Ten μl of the supernatant was used 
for protein quantification using the Bradford method. Supernatant containing 50 
μg of protein was pre-incubated with 250 μM of DCF-DA in 100 μl of PBS at 37°C 
for 1 hour. Fluorescence intensity was measured with a fluoremeter (molecular 
devices, SPECTRAmax Gemini xs, USA) at the excitation wavelength 485 nm and 
the emission wavelength 535 nm. The fluorescence was measured once every 30 
minutes for 1.5 hours. The time-dependent increase in the fluorescence was 
linear for this time frame. We therefore chose to use fluorescence intensity at 1 
hour for the quantification. The fluorescence intensity was normalized by 
subtracting the background fluorescence of 250 μM DCF-DA solution in PBS at 1 
hour. This assay was carried out in three independent trials. The data were 
pooled and analyzed using Student’s t-test. p <0.05 was accepted as statistically 
significant. 
2.3.6 Brood size and body bend assays 
The brood size assay was carried out by transferring a single L4/young 
adult worm onto an NGM plate supplemented with or without 2 mg/ml CBE 
(triplicates). Each worm was allowed to lay eggs at 25°C for 24 hours and was 
then transferred to a fresh plate until it ceased to lay eggs. The offspring were 
counted after they reached L3 or L4 phase. This assay was carried out in three 
independent trials. The data were pooled and analyzed using Student’s t-test. p 
<0.05 was accepted as statistically significant. 
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For the motility assay, worms were pretreated with or without 2 mg/ml 
CBE for 2 generations on NGM plates at 25°C.  Ten CBE pretreated or non-treated 
L4/young adult nematodes were placed onto individual NGM plates without 
OP50.The body bends per minute were counted. This assay was carried out in 
three independent trials. The data were pooled and analyzed using Student’s t-
test. p <0.05 was accepted as statistically significant. 
2.3.7 DAF-16 translocation assay  
daf-16(mgDf47) I; xrIs87 worms carrying a DAF-16-GFP fusion construct 
(Lee et al., 2001) were treated with 2 mg/ml CBE for one hour and were then 
observed under a fluorescence microscope (Nikon AZ100) to monitor the 
nuclear translocation of DAF-16-GFP.  
2.3.8 Gene expression analysis by quantitative PCR (qRT-PCR) 
The nematodes were grown on NGM plates supplemented with or without 2 
mg/ml CBE at 25 °C, until they reached the young adult stage. The worms were 
collected with M9 buffer. RNA was prepared using Absolutely RNA miniprep kit 
(Agilent technologies) and stored at -80 °C. Complementary DNA was prepared 
by using Invitrogen Superscript first strand synthesis system for RT-PCR 
(Invitrogen). qPCR was performed using SsoFast EvaGreen Supermix and the 
iCycler iQ real-time PCR detection system according to the manufacturer’s 
suggested protocol (Bio-Rad). The qPCR conditions were: 95°C for 3 minutes, 
followed by 40 cycles of 10s at 95°C and 30s at 60°C. act-1 was used as an 
internal control to normalize the expression levels of target transcripts. Each 
qPCR experiment was repeated three times using independent RNA 
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preparations. The data were pooled and analyzed using Student’s t-test, and p 
<0.05 was accepted as statistically significant. The qPCR primers for sod-3 are: 
5’-CCAACCAGCGCTG-AAATTCAATGG-3’ (forward primer (F)) and 5’-
GGAACCGAAGTCGCGCTTAATAGT-3’(reverse primer (R)). Primers for daf-16 are 
5’-CCAGACGGAAGGCTTAAACT-3’ (F) and 5’-ATTCGCATGAAACGAGAATG-‘3(R). 
Primers for hsp-4 are 5’-TGACTCGTGCCAAGTTTGAG-3’(F) and 5’-
GCTCCTTGCCGTTGAAGTAG-3’(R). Primers for hsp-16.1 are 5’-
GCAGAGGCTCTCCATCTGAA-3’ (F) and 5’-GCTTGAACTGCGAGACATTG-3’(R). 
Primers for hsp-16.49 are 5’-
GCTCATGCTCCGTTCTCCATATTCTGATTCAAATGC(F)-3’ and 5’-
GCAACAAAATTGATCGGAATAGAACGTGATGAG-3’(R). Primers for hsp-70 are 5’-
CGTTTCGAAGAACTGTGTGCTGATCTATTCCGG-3’(F) and 5’-
TTAATCAACTTCCTCAACAGTAGGTCCTTGTGG-3’(R). Primers for hsp-12.6 are 5’-
ATGATGAGCGTTCCAGTGATGGCTGACG-3’(F) and 5’-
TTAATGCATTTTTCTTGCTTCAATGTGAAGAATTCC-3’(R). Primers for act-1 are: 
5’- CCAGGAATTGCTGATCGTATGCAGAA-3’ (F) and 5’-
TGGAGAGGGAAGCGAGGATAGA-3’(R).  
2.4 Results 
2.4.1 CBE supplementation extends the lifespan of C. elegans in a dose-
dependent manner 
 To determine the prolongevity property of cranberry, we treated wild 
type N2 worms with CBE at concentrations ranging from 0 to 10 mg/ml in the 
standard nematode growth medium (NGM) at 25 °C. CBE at 2 mg/ml increases 
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mean lifespan from 12 days to 15.9 days, while CBE at 10 mg/ml decreased the 
mean lifespan from 12 days to 10.5 days (Fig. 2.1 and Table 1). We found that 
CBE at ≥ 6 mg/ml reduced pH of the NGM (pH≤6.0) probably due to the 
acidogenicity of CBE. To test whether the acidogenicity of CBE caused the 
shortened lifespan, we neutralized CBE with a Tris base solution (pH 9.0) before 
supplementing it to worms. Controls were treated with the same amount of Tris 
buffer but at pH 7.4. We found that the neutralized CBE affected lifespan in a 
similar way as the original CBE (data not shown). Taken together, these findings 
indicate that CBE supplementation can extend lifespan in C. elegans and this 
lifespan extension is dose-dependent. 
Considering that cranberry possesses anti-microbial properties, it is 
possible that CBE inhibits the growth of feeding E. coli OP50 under our assay 
conditions, thereby extends C. elegans lifespan via dietary restriction (DR). To 
test this hypothesis, we cultured OP50 in LB medium with a series of 
concentrations of CBE (10 mg/ml, 5 mg/ml, 2mg/ml, 0.2 mg/ml). We found that 
CBE at these concentrations did not inhibit the growth of E. coli OP50 at any 
bacterial growth phases. CBE at 2 mg /ml (the optimal concentration for lifespan 
extension) even promoted the growth of OP50 as compared to the control 
medium (data not shown). Therefore, it is unlikely that CBE prolongs C. elegans 





2.4.2 CBE supplementation alters worm’s response to heat shock stress and 
osmotic stress, but not to oxidative stress or UV irradiation 
Lifespan extension is generally associated with elevated stress resistance 
(Broughton et al., 2005; Clancy et al., 2002; Larsen 1993; Lithgow et al., 1994).To 
test whether CBE enhances stress resistance, we exposed C. elegans to a series of 
environmental stressors. We first tested oxidative stress. Adult wild type N2 
worms were pre-treated with and without 2 mg/ml CBE for two generations at 
25°C and then were transferred to NGM plates containing 5mM of paraquat. 
Paraquat is a chemical commonly used to generate reactive oxygen species and 
induce oxidative stress in the cell (Fukushima et al., 1993; Yamada and 
Fukushima, 1993). The survival was monitored over 10 days. We found that 
paraquat reduced the lifespan but CBE supplementation did not increase worm’s 
resistance to paraquat (Fig. 2.2A). Considering that paraquat is a very potent 
toxicant, paraquat treatment may not only induce ROS, but also generate other 
toxic effects. It is possible that CBE supplementation is able to reduce paraquat-
induced ROS, but fails to antagonize other toxic effects.  To address this concern, 
we measured ROS levels in worms treated with or without CBE using the DCF-DA 
staining method. 
We found that CBE supplementation did not significantly reduce the ROS 
levels in 1-day and 4-day old adult worms relative to age-matched non-
supplemented control (Fig. 2.2B). Although paraquat treatment increased the 
ROS level relative to the non-treated groups, CBE supplementation was not 
effective in reducing the ROS level in worms exposed to paraquat (Fig. 2.2B).   
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Next, we tested worms’ resistance to UV irradiation. Wild type young 
adult worms were exposed under 0.05 j/cm2 UV irradiation for 20 seconds. The 
survival was monitored at 25 °C over the next 10 days. CBE supplementation had 
no or little effect on the survival of worms after UV irradiation (Fig. 2.2C). Our 
findings indicate that CBE supplementation does not improve resistance to acute 
oxidative stress or UV irradiation in C. elegans. To test worms’ resistance to heat 
shock, young adult N2 worms pretreated with or without CBE for two 
generations at 25 °C were shifted to 37 °C for 3.5 hours and then back to 25 °C. 
Wild type C. elegans pre-treated with CBE showed statistically significant higher 
resistance to heat shock compared to CBE untreated controls (Fig. 2.2D), 
indicating that CBE supplementation can elevate resistance to heat shock in C. 
elegans. Increasing the expression levels of heat shock proteins (HSPs) is known 
to have a protective effect and enhance stress resistance in C. elegans  (Rea et 
al., 2005; Walker and Lithgow 2003; Yokoyama et al., 2002). We next measured 
changes in the mRNA levels of several representative HSPs, including hsp-4, hsp-
12.6, hsp-16.1, hsp-16.49, and hsp-70. The mRNA level of hsp-12.6 was up-
regulated with CBE treatment relative to the non-supplemented controls (Fig. 
2.2E). However, hsp-4, hsp-16.1, and hsp-16.49 were down-regulated by CBE 
treatment, while hsp-70 did not show a significant change (Fig. 2.2E). These 
findings suggest that other mechanisms in addition to the heat shock response 






Figure 2.1. CBE extends C. elegans lifespan in a dose-dependent 
manner. Wild type N2 worms were treated with CBE at 0-10 mg/ml. Each 
lifespan experiment was repeated at least three independent times with similar 
results. Quantitative data and statistical analyses for the representative 




Table 1.  The lifespan of various worm strains at 25 °C. 
 
Lifespan and standard error are shown in days. The lifespan experiments 
were repeated at least three times with similar results, and the data for 
representative experiments are shown. The lifespan data were analyzed using 
the log-rank test and p-values for each individual experiment are shown. 
a Results presented in Figure  2.1. 
b Results presented in Figure 2.3. 
c Results presented in Figure 2.5. 
d Results presented in Figure 2.4.f  
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A common approach to assess the health status in C. elegans is to measure 
its locomotion behavior, including body bending (de Bono and Maricq, 2005). 
Old worms generally develop motor deficits and are less active than young ones 
 (Dillin et al., 2002; Glenn et al., 2004; Hosono et al., 1980; Huang et al., 2004; 
Johnson et al., 1988). Here, we use body bending frequency to examine C. 
elegans’ acute and chronic response to osmotic stress. To this end, young adult 
N2 worms were pre-treated with or without 2 mg/ml CBE for two generations, 
and were then transferred to hyperosmolarity plates containing high 
concentrations of NaCl. For the acute response assay, we exposed worms to 
either 300mM or 500 mM of NaCl for 10 minutes and then transferred the 
worms back to regular NGM plates to measure the frequency of body bending as 
a parameter to reflect the motility of the nematode. The motility of CBE treated 
worms was dramatically reduced compared to non-treated controls (Fig. 2.2F). 
For the chronic response assay, worms were kept on the NGM plates containing 
500 mM of NaCl and dead worms were counted until all worms died. 
Surprisingly, the mortality rate of CBE treated worms was higher relative to non-
treated controls (Fig. 2.2G). Taken together, we conclude that CBE treatment 
increases worms’ susceptibility to osmotic stress.  
2.4.3 Influence of CBE treatment on reproductive capacity and motility  
Considering that CBE promotes lifespan and thermotolerance in C. 
elegans, we investigated whether CBE alters the worms’ other general 
physiological indexes. In this regard, we tested brood size as a reproductive 
parameter and motility of worms to reflect their general fitness after CBE 
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treatment.  CBE treatment did not affect total offspring quantity compared to 
non-supplemented controls (Table 2). For the motility assay, young adult worms 
pre-treated with or without CBE for two generations were individually 
transferred to fresh NGM plates and the body bends per minute were counted 
(Hart, 2006). CBE did not affect worms’ body bend frequency, namely motility, 
compared to non-supplemented controls (Table 2). These findings suggest that 
CBE-induced lifespan extension is not associated with any significant change in 
reproductive capacity and motility.   
2.4.4 CBE supplementation modulates lifespan through the IIS pathway and 
DAF-16 
To understand the molecular mechanisms by which CBE promotes 
lifespan, we investigated which longevity determinants CBE genetically interacts 
with. We first conducted a genetic epistasis assay to test the relationship 
between CBE and the IIS pathway/DAF-16 (Henderson and Johnson 2001; 
Kenyon et al., 1993; Lee et al., 2001; Lin et al., 2001). We supplied null daf-
16(mgDf50) mutant worms with 2 mg/ml CBE and found that CBE did not 
increase the lifespan of the daf-16(mgDf50) mutant (Fig. 2.3 A, Table 1). This 
finding suggests that the longevity effect of CBE requires the activity of DAF-16. 











Figure 2.2. CBE treatment results in the alterations of stress 
response to specific environmental stimuli. (A) The CBE treated N2 worms 
showed similar survival in response to 5mM paraquat as compared to non-
treated worms. (B) The CBE treated N2 worms showed similar intracellular ROS 
level in response to 5mM paraquat as compared to non-treated worms. (C) The 
CBE treated N2 worms showed similar survival after UV irradiation as compared 
to non-treated worms. (D) The CBE treated N2 worms exhibited increased 
survival after 3.5 hours at 37°C when compared to non-treated worms. (E) The 
transcript levels of hsp-4, hsp-12.6, hsp-16.1, hsp-16.49, and hsp-70 in N2 worms 
treated with and without 2mg/ml CBE were quantified using qRT-PCR. Controls 
are set to 1. (F) The CBE treated N2 worms showed reduced motility after 10 
minutes exposure in 300mM and 500mM NaCl relative to non-treated worms. 
(G) The CBE treated N2 worms showed an elevated mortality rate after 12 hours 
exposure in 500mM NaCl compared to non-treated worms. At least triplicate 
samples were examined for each stress assay. “Fraction alive” indicates the 
average survival among the multi-replicates and error bars represent the 
standard deviation. p value was calculated using Student's t-test. **, p < 0.05 
when compared to corresponding control. Each of the stress assays was repeated 




Mutant worms, daf-2(e1370) and age-1(hx546), were treated with 2 
mg/ml CBE, respectively. CBE at 2 mg/ml did not extend the lifespan of either 
daf-2(e1370) (Fig. 2.3B, Table1) or age-1(hx546) (Fig2.4C, Table1), when 
compared to the genotype matched non-supplemented controls.  These findings 
suggest that CBE acts at least partly through the IIS pathway and requires DAF-
16 to increase lifespan in C. elegans.  
Considering that the IIS pathway regulates lifespan in C. elegans by 
limiting DAF-16 nuclear localization (Henderson and Johnson, 2001; Lee et 
al., 2001; Lin et al., 2001), we postulated that CBE treatment may affect DAF-16 
nuclear localization and transcriptional activities. To this end, we examined 
subcellular localization of DAF-16 using transgenic worms with a DAF-16-GFP 
fusion transgene (Honda and Honda, 1999; Lin et al.,2001; Murphy et al., 2003). 
Consistent with our prediction, we observed a significant increase of DAF-16-
GFP in the nucleus after 1-hr treatment of 2mg/ml of CBE (Fig. 2.3D). We then 
measured changes of the mRNA levels of daf-16 and sod-3. sod-3 is one of the 
DAF-16 direct target genes and encodes a Fe/Mn superoxide dismutase  (Honda 
and Honda,  1999; Murphy et al., 2003). The mRNA level of daf-16 was increased 
by 3~4-fold, and the expression of sod-3 was robustly elevated by 8~10-fold in 
CBE treated worms compared to non-supplemented controls (Fig. 2.3 E and F). 
These findings suggest that CBE treatment promotes longevity partly through 




2.4.5 CBE-mediated lifespan extension does not require SIR-2.1 and JNK 
signaling 
SIR-2.1, functioning as a protein deacetylase, has been implicated in 
lifespan modulation (Berdichevsky et al., 2006; Burnett et al., 2011; Rogina and 
Helfand,  2004; Tissenbaum and Guarente, 2001; Viswanathan et al., 2005).  We 
examined whether SIR-2.1 is involved in lifespan extension induced by CBE. To 
this end, we measured the lifespan of sir-2.1 (ok434) null mutant worms treated 
with 2 mg/ml CBE. CBE treatment significantly extended the lifespan of sir-2.1 
(ok434) worms (Fig. 2.4A, Table 1), suggesting that SIR-2.1 is dispensable for 
CBE to extend lifespan. 
The JNK signaling has been shown to modulate lifespan and 
phosphorylation of JNK-1 is required for JNK signaling to extend lifespan in C. 
elegans (Oh et al., 2005). We investigated whether lifespan extension by CBE 
treatment depends on JNK signaling. To test this hypothesis, we supplied a loss-
of-function mutant jnk-1(gk7) with 2 mg/ml CBE. Consistent with previous work 
(Oh et al., 2005), jnk-1(gk7) worms showed a decreased lifespan compared to 
control N2 worms (Fig.2.4B, Table 1). However, CBE treatment was still able to 
increase the lifespan of jnk-1(gk7) mutant worms, suggesting that CBE promotes 
longevity independent of JNK signaling.  
2.4.6 CBE requires OSR-1 to promote longevity in an UNC-43 dependent 
manner 
It has been reported that blueberry extracts promote longevity through 
the OSR-1/UNC-43/SEK-1 osmotic stress response pathway in C. elegans (Wilson 
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et al., 2006). We tested whether CBE treatment may target the same pathway. To 
test this possibility, we supplied osr-1(rm1) mutant worms with 2 mg/ml CBE, 
and found that CBE treatment was not capable of increasing the lifespan of osr-
1(rm1) mutant worms (Fig.2.5A, Table 1). 
Since osr-1(rm1) worms are short-lived (Pietsch et al., 2009; Saul et al., 
2010), it is possible that osr-1(rm1) mutant worms are sick in general, which 
may mask any apparent longevity benefit of CBE supplementation. To address 
this issue, we assessed several general health parameters in osr-1(rm1) worms, 
including body size, motility, and touch response. osr-1(rm1) worms did not 
significantly alter any of these general health parameters when compared to the 
wild type N2 worms  (data not shown). These findings suggest that CBE requires 
OSR-1 to extend lifespan in C. elegans.  
We further tested whether CBE modulates lifespan in C. elegans through 
the CaMKII/p38 MAPK pathway (Solomon et al., 2004). OSR-1 negatively 
regulates the activity of CaMKII/p38 MAPK pathway. Elevated OSR-1 decreases 
the activities of UNC-43 and SEK-1, two major components of the CaMKII/p38 
MAPK pathway. We measured the lifespan of unc-43(n1186) or sek-1(ag1) 
deletion mutant worms treated with CBE. Only unc-43(n1186) showed an 
extension in mean lifespan from 12.5 days to 14 days when compared to N2 
worms, while the lifespan of sek-1(ag1) mutants is similar to the N2 worms (Fig. 











Figure 2.3. CBE modulates the lifespan of C. elegans through the IIS 
pathway and DAF-16. (A) daf-16 (mgDf50) mutant worms were treated with 
2mg/ml CBE. (B) daf-2 (e1370) mutant worms were treated with 2mg/ml CBE. 
(C) age-1 (hx546) mutant worms were treated with 2mg/ml CBE. Each lifespan 
experiment was repeated at least three independent times with similar results. 
Quantitative data and statistical analyses for the representative experiments are 
included in Table 1. (D) Transgenic worms over-expressing DAF-16::GFP (daf-
16(mgDf47);xrIs87) were treated with 2mg/ml CBE at 25 °C for 1 hour. DAF-
16::GFP exhibited nuclear accumulation in treated worms. Photos show the DAF-
16::GFP expression pattern and DIC images of young adults.  (E) The transcript 
levels of daf-16 in N2 worms treated with and without 2mg/ml CBE were 
quantified using qRT-PCR. The data from three independent experiments were 
pooled to calculate the mean RNA level normalized to the internal control act-1.  
The standard errors of the mean (SEM) are shown. The normalized mean RNA 
level of daf-16 in non-treated N2 worms was set as 1. **, p < 0.05 when compared 
to non-treated control. (F) The transcript levels of sod-3 in N2 worms treated 
with and without 2mg/ml CBE were quantified using qRT-PCR. The data from 
three independent experiments were pooled to calculate the mean RNA level 
normalized to the internal control act-1.  The standard errors of the mean (SEM) 
are shown. The normalized mean RNA level of sod-3 in non-treated N2 worms 
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Figure 2.4. CBE-mediated lifespan extension does not require SIR-2.1 
and JNK signaling. (A) The sir-2.1 (ok434) mutant worms were treated with 
2mg/ml CBE. (B) The jnk-1(gk7) mutant worms were treated with 2mg/ml CBE. 
Quantitative data and statistical analyses for the representative experiments are 
included in Table 1.  
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We next performed a genetic epistasis assay to further determine the role 
of the CaMKII / p38 MAPK pathway in CBE-induced lifespan extension. unc-
43(n1186) and sek-1(ag1) mutant worms were fed 2 mg/ml CBE. CBE treatment 
increased the mean lifespan from 12.5 days to 14 days in sek-1(ag1) worms, but 
did not increase the mean lifespan (14 vs.14.97 days) in unc-43(n1186) worms 
(Fig. 2.5C and B, Table 1). These findings suggest that CBE modulates lifespan at 
least partly through OSR-1 and one of its downstream effectors, UNC-43, but not 
the p38 MAPK signaling.  
2.5 Discussion 
Numerous studies in humans and model organisms have shown that 
nutraceuticals made from various botanicals can provide a variety of health 
benefits, including prevention of cancer, reduction of inflammation, and delay of 
age-related functional decline (Lin et al., 2003; Liu et al., 2004; Shukitt-Hale et al., 
2007; Zhu et al., 2011).  Our study suggests that the North American cranberry 
(Vaccinium macrocarpon) is a potentially effective nutraceutical for promoting 
healthy aging in C. elegans. CBE consumption substantially extends lifespan and 
elevates resistance to heat shock stress in wild type worms. CBE 
supplementation requires the activity of DAF-16 through the IIS pathway to 
modulate lifespan and stress response. Noticeably, supplementation of CBE 
increases DAF-16 nuclear localization and its transcriptional activities. In 
addition, CBE consumption also requires OSR-1 through UNC-43, but not SEK-1, 
to modulate lifespan extension and stress response. In contrast, SIR-2.1 and JNK 
signaling are not required for CBE-induced lifespan extension. Based on these 
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findings, we propose that CBE supplementation modulates DAF-16 and OSR-1 
activities to promote prolongevity and increase stress response in C. elegans 
through the IIS pathway and UNC-43, respectively (Fig 2.6).  
Our experiments demonstrate that CBE supplementation increases C. 
elegans lifespan in a dose-dependent manner, and 10 mg/ml CBE shortened C. 
elegans lifespan regardless of the acidic pH. It is known that cranberry contains 
abundant quercetin and many other unique phytochemicals (Pappas and 
Schaich 2009). Previous reports had shown that phytochemicals, such as 
quercetin, tannic acid, and rosmarinic acid, can promote longevity at relative low 
concentrations, but are detrimental at high concentrations in C. elegans (Pietsch 
et al., 2011; Saul et al., 2010). Thus, it is very likely that some phytochemicals in 
CBE are beneficial only at lower concentrations. 
Cranberry and its constituent products have been widely consumed by 
humans due to their numerous health benefits (Howell, 2007; Neto, 2007a). Our 
findings ascribe the benefit of cranberry consumption to prolongevity function, 
and show the correlation between CBE consumption and activation of DAF-
16/FOXO. A critical regulation of DAF-16/FOXO activity is its phosphorylation 
and nuclear exclusion by the IIS pathway. Mammals have several FOXOs, the 
counterpart of DAF-16, which are key regulators of diabetes and obesity due to 









Figure 2.5. CBE requires OSR-1 to extend lifespan and is partially 
dependent on CaMKII and p38 MAP kinase pathway. (A) The osr-1 (rm1) 
mutant worms were treated with 2mg/ml CBE. (B) The unc-43 (n1186) mutant 
worms were treated with 2mg/ml CBE. (C) The sek-1 (ag1) mutant worms were 
treated with 2mg/ml CBE. Each lifespan experiment represented here was 
repeated at least three independent times with similar results. Quantitative data 





In insulin-responsive tissue, FOXO1 regulates the expression of genes 
involved in gluconeogenesis, energy metabolism, and oxidative stress, thereby 
affecting the whole body energy homeostasis. When nutrient and insulin levels 
are low, FOXO1 promotes expression of gluconeogenic enzymes to maintain 
glucose level. Conversely, in the fed state, pancreatic β cells secrete insulin to 
inactivate FOXO1 and partially suppress gluconeogenic enzyme expression in the 
liver (Puigserver et al., 2003). In addition, FOXO1 also plays a vital role in the 
formation of skeletal muscle and adipose tissues, two major organs for the 
maintenance of energy homeostasis (Ahima and Flier, 2000; de Lange et 
al., 2007).Moreover, negative signaling to FOXO1 under particular 
pathophysiologic conditions, such as metabolic dysfunction and insulin 
resistance, leads to deleterious effects, including hyperglycermia and glucose 
intolerance. Our study shows that DAF-16 is required for CBE-induced lifespan 
extension. Therefore, it is likely that CBE modulates metabolic homeostasis to 
promote longevity and stress resistance. This raises an intriguing possibility that 
CBE supplementation can be implemented as a prevention method to fight 
against metabolic dysfunction diseases, such as diabetes and obesity. 
OSR-1 is a master regulator to prolong C. elegans survival in hyperosmotic 
environments (Solomon et al., 2004). OSR-1 couples with SEK-1/MAPKK through 
UNC-43/CAMKII to promote resistance to chronic osmotic stress. Wilson et al. 
found that blueberry polyphenols induced longevity requires the OSR-1/UNC-
43/SEK-1 pathway in C. elegans (Wilson et al., 2006). Our genetic study indicates 
that OSR-1 is essential for CBE-induced lifespan extension in C. elegans, but only 
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UNC-43, not SEK-1, is involved in this prolongevity process. This is not surprising 
considering that individual components in the OSR-1/UNC-43/SEK-1 pathway 
have been reported to differentially mediate the prolongevity effects of different 
phytochemicals. For instance, SEK-1, but neither OSR-1 nor UNC-43, is required 
for tannic acid-induced longevity (Saul et al., 2010), while SEK-1 and UNC-43, but 
not OSR-1, are required for quercetin-induced longevity in C. elegans (Pietsch K, 
2009). In addition, SEK-1 can regulate pathogen resistance independent of UNC-
43 and OSR-1 (Kim et al., 2002). Future experiments are needed to investigate 
how phytochemicals in CBE differentially regulate downstream effectors of OSR-
1 to modulate lifespan and stress resistance.  
Our findings indicate that CBE supplementation increases C. elegans 
resistance to heat shock. However, CBE treatment does not improve worms’ 
resistance to oxidative stress or UV irradiation and even renders worms more 
sensitive to osmotic stress when compared to the non-supplemented controls. 
These results suggest that CBE treatment selectively enhances worms’ resistance 
to environmental stresses. A number of botanical extracts containing high levels 
of polyphenols have been shown to differentially promote health aging and 
stress resistance in diverse species. For instance, supplementation with 
blueberry polyphenols increases thermotolerance in C. elegans (Wilson et al., 
2006). Blueberry extract promotes longevity in C. elegans and Drosophila (Peng 
et al., 2012; Wilson et al., 2006). Cocoa contains abundant flavonoids and 
promotes longevity and resistance to oxidative stress in worms (Martorell et al., 
2011). Nectarine and açai extracts promote the survival in Drosophila under 
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oxidative stress and fed high-fat diets (Boyd et al., 2011; Sun et al., 2010). Ginkgo 
biloba extract is widely used to improve health of the elderly due to its capacity 
to promote resistance to oxidative stress with its considerable volume of 
flavonoids (Abdel-Wahab and Abd El-Aziz, 2012; DeFeudis and Drieu, 2000; Wu 
et al., 2011). Similarly, CBE contains a high number of polyphenols, such as the 
proanthocyanidins, the flavonols, and the anthocyanins (Pappas and Schaich, 
2009). Thus, the ability of CBE to increase resistance to heat stress could be due 
to the similar polyphenols existing in blueberry, or unique phytochemicals in 
cranberry. In addition, a number of experiments have shown that different 
phytochemicals may interact and synergize to exert their biological functions 
(Apostolidis et al., 2006; Liu, 2004; Seeram et al., 2004). Considering that 
different botanical extracts have unique phytochemical profiles, CBE-induced 
thermotolerance may also be due to the synergistic effects generated by the 
interaction of unique cranberry phytochemicals. Moreover, lifespan extension 
induced by CBE requires DAF-16/FOXO, which is known to regulate different 
target genes in response to different stress stimuli (Honda and Honda, 1999; 
Kenyon, 2005; van der Horst and Burgering, 2007). . Therefore, it is possible that 
CBE fine tunes the regulation of a subset of DAF-16 target genes, and therefore 
improves the survival under restrictive temperature.  
We have found that CBE treatment induces susceptibility to chronic 
osmotic stress in C. elegans. This susceptible phenomenon may be due to the 
depression of CaMII / p38 MAPK signaling by CBE, based on our observation that 
osr-1 is up-regulated by CBE treatment (data not shown). This is consistent with 
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recent studies indicating that flavonoids elevate osr-1 expression level in C. 
elegans (Xue, et al., 2011). Further systematic studies are warranted to 
determine the mechanisms underlying differential effects of CBE 
supplementation on stress resistance in worms.  
Our study highlights the prolongevity and stress resistance properties of 
CBE, and reveals the molecular mechanisms by which CBE modulates lifespan 
and stress response in C. elegans. Although health benefits of CBE have been 
studied for many years, our study is the first to thoroughly investigate the 
properties of CBE on longevity and stress response, and the first to 
systematically analyze the genetic requirements for CBE-mediated effects. Since 
both IIS/DAF-16 and OSR-1 are highly conserved from C. elegans to mammals, 
our findings have important implications in utilizing CBE to promote healthy 





Figure 2.6. A putative model for cranberry’s mode of action in C. 
elegans. Cranberry modulates multiple longevity-related pathways to promote 
healthy aging and stress resistance. On the one hand, cranberry activates OSR-1 
and consequently suppresses UNC-43 to promote longevity. On the other hand, 





CHAPTER THREE: TIMING IS IMPORTANT FOR CRANBERRY MEDIATED 




  Aging leads to a decline in various physiological, immune and cognitive 
functions. Hence, discovering interventions to halt the process of aging by 
increasing the healthspan of aged population is one of the major concerns of 
health care systems worldwide. Numerous studies have been carried out 
wherein the health benefits of dietary components have been studied 
extensively. Diet has an enormous impact on health and life span in almost all 
organisms including humans (Everitt et al., 2006; Fernandes, 2008; Masoro, 
2006).  
Studies using dietary components obtained from natural sources have 
shown immense potential. Studies carried out using nutraceuticals like 
blueberry, curcumin, gingko, and resveratrol in different model systems as well 
has humans have indicated numerous health benefits (Wilson et al., 2006; 
Aggarwal and Sung, 2009; DeFeudis and Drieu, 2000; Baur et al., 2006). The 
study of small compounds and supplements on healthspan in recent scientific 
studies has garnered attention because of their beneficial effects and their low 
instances of cellular toxicity as compared to synthetic drugs.  
Although many studies have been carried out in the worm model to 
investigate the beneficial effects of dietary interventions, only a handful of them 
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have looked at the effects of these interventions at different stages of life cycle. In 
chapter two we have discussed how cranberry extract (CBE) can robustly 
increase the lifespan and enhances the survival of wild type N2 worms under 
stress response when the diet is supplemented with CBE form hatching till end of 
life. Although this study was important and highlighted the benefits of CBE on 
worms’ healthspan, we wanted to check how CBE supplementation would affect 
the worms’ lifespan and behaviors when the timing of these dietary 
interventions was altered. Therefore to test the effectiveness of our 
interventions we supplemented the worms’ diet with CBE from hatching and we 
then removed the CBE from diet after the worms reached a particular age group. 
Using this approach we found that not only did long term dietary interventions 
worked as expected in all the cases, but short term interventions were effective 
as well when the worms were subjected to CBE treatment from hatching. Also, in 
these worms we saw an improvement in physiological behaviors.  
3.2 Materials and methods 
3.2.1 CBE preparation 
CBE was prepared in a similar fashion as explained in chapter 2. 
3.2.2 Lifespan assay and growth conditions  
All lifespan assays were carried out at 25 °C. Synchronized populations 
were obtained by allowing 10–15 hermaphrodites lay eggs overnight onto plates 
seeded with 2 mg/ml CBE and appropriate controls for treatment from birth and 
the next day the parents were removed. The eggs were allowed to hatch and 
approximately 70-100 L4/young adult worms were transferred onto stock plates 
(60 mm NGM plate containing 50 μg/mL FUDR to prevent the growth of 
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progeny) with 100 µl E. coli OP50. To carry out lifespan assays all the worms 
were transferred from the stock plates to assay plates (NGM- FUDR) in triplicates 
for each time point i.e. Day2, Day 6 and Day 10, and a minimum of two 
independent trials were performed for all conditions.  The reaming lifespan of 
worms was counted starting the next day and exploding, protruding, bagging or 
contaminated worms were censored if applicable. We defined the day when the 
L4/young adult worms were transferred as day 0 of adult age. All statistical 
analyses were carried out using SPSS software (IBM SPSS Statistics). Kaplan–
Meier lifespan analysis was carried out, and p values were calculated using the 
log-rank test. P < 0.05 was accepted as statistically significant. 
3.2.3 Stress assays 
For stress assays, worms were obtained from the stock plates as 
explained above. Worms on regular NGM plates without CBE served as controls. 
Each assay was carried out in three independent trials, and the data were pooled 
and analyzed using Student’s t test. P < 0.05 was accepted as statistically 
significant. 
The heat shock assay was performed as described previously (Pietsch et 
al., 2009; Strayer et al., 2003) with some modifications. Thirty worms, pre-
pretreated or non-treated with 2 mg/ml CBE until Day 2, Day 6 and Day 10, were 
taken in triplicates for each time point were transferred onto NGM-FUDR plates 
with 100µl OP50 and were incubated at 37 °C for 1.5 h then transferred back to 
25 °C. The survival of the worms was monitored daily. 
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All statistical analyses were carried out using SPSS software (IBM SPSS 
Statistics). Kaplan-Meier lifespan analysis was carried out and p-values were 
calculated using the log-rank test. p <0.05 was accepted as statistically 
significant.  
3.2.4 Vibrio survival assays 
Pathogen lethality was tested by carrying out a remaining lifespan assay 
on NGM-FUDR plates seeded with 30µL of wild-type El Tor strains C6706 V. 
cholerae (DiRita et al., 1996) and worms pre-pretreated or non-treated with 2 
mg/ml CBE till Day 2, Day 6 and Day 10. Thirty worms in triplicates were 
transferred from stock plates for each case and the remaining lifespan was 
monitored daily. All statistical analyses were carried out using SPSS software 
(IBM SPSS Statistics). Kaplan-Meier lifespan analysis was carried out and p-
values were calculated using the log-rank test. p<0.05 was accepted as 
statistically significant. 
3.2.5 Motility assays 
Ten CBE-pretreated or non-treated day 2, day 6 and day 10 adult 
nematodes were placed onto individual NGM plates without OP50. The number 
of body bends per minute were counted. This assay was carried out in three 
independent trials. The data were pooled and analyzed using 
Student’s t test. p<0.05 was accepted as statistically significant. 
3.2.6 Strains and growth conditions 
Wild type N2 strains were used and all strains were maintained at 25 °C 




3.3.1 Long-term supplementation of CBE improves the remaining lifespan 
of C. elegans 
Because a primary goal in studying any intervention in the field of 
geriatrics is to examine the effects of the compounds on slowing or alleviating 
the symptoms of aging, we tested the effect of CBE supplementation of the 
lifespan of the wild type N2 worms. We chose to start our intervention from 
hatching.  The regular lifespan of C. elegans is approximately 2 weeks at 250C. For 
each treatment we subjected the worms to 2mg/ml CBE treatment till they 
reached the following ages in days, i.e. day 2 (young), day 6(mid aged) and day 
10 (old). After the worms were treated to these different time points, the worms 
were moved from the CBE plates and a lifespan assay was carried out to 
determine the remaining lifespan without any CBE with appropriate controls.  As 
expected, we observed that lifespan of the worms treated with CBE from 
hatching to the particular time points significantly increased the lifespan and the 
mid-aged and the older worms benefitted the most (Fig 3.1). This assay showed 
that long-term CBE supplementation starting from birth had positive effects. 
3.3.2 Long-term CBE supplementation leads to improvement of C. elegans 
healthspan. 
Additionally, we wanted to find out what effect these intervention timings 
would have on the healthspan of the worms. To this end, we checked the worms 
for different health parameters after the interventions. In chapter two we have 
shown that CBE supplementation does not alter the general health parameters of 
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young worms. Although this data is accurate, one of the limitations of this study 
was we did not check these health parameter for different aged worms and the 
timings of these interventions were also not altered.  
First we wanted to check one of the most common phenotypes which we 
usually use to determine the healthspan of worms, the motility behavior. We 
found that CBE treatment improved the motility behaviors of 10 day old adult 
worms significantly after they were treated with CBE from hatching until that 
time point (Fig 3.2a). 
We also tested the worms for some other physiological parameters like 
pharyngeal pumping rate. Young wild type N2 worms have approximately 250-
300 pharyngeal contractions per minute and this rate declines as the worms age 
(Huang et al., 2004). Here we tested worms treated with CBE from hatching and 
their appropriate controls for this phenotype at Day 2, Day 6 and Day 10. In Day 
2 worms we observed that there was not really a significant difference in this 
pump rate (data not shown), but for Day 6 treated worms there was a slight 
improvement observed for CBE treated worms as compared to controls, 
although it was not considered significant (Fig 3.2b). The pharyngeal 
contractions of Day 10 treated worms could not be observed clearly because 






Figure 3.1. Long term supplementation of CBE increases the lifespan 
of aged population. The bar graph displays the percent increase in lifespan for 
worms treated with CBE compared to non
mean and median lifespan for all the treatments are represented in Table 3. 
data were pooled from all 




-treated worms (p < 0.0001). The 
lifespan assays and the percentage increase was 







Table 3: Long-term supplementation of CBE improves the remaining 
lifespan of different aged worms. 
 
Lifespan and standard error are shown in days. The lifespan experiments 
were repeated at least three times with similar results; data for representative 
experiments are shown. The lifespan data were analyzed using the log-rank test 
and p values for each individual experiment are shown. 
  




N2 10.62 ± 0.96 11.0 267  
N2+2mg/ml CBE 13.73 ± 1.25 14.0 299 0.0001 
Day 2 10.20 ± 1.17 10.0 173  
Day 2 pre-treatment 11.15 ± 1.08 11.0 173 0.001 
Day 6 6.57 ± 0.89 7.0 203  
Day 6 pre-treatment 9.29 ± 1.29 9.0 164 0.0001 
Day 10 3.06 ± 1.45 3.0 198  
Day 10 pre-treatment 5.44 ± 1.73 5.0 227 0.0001 
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3.3.3 Long term supplementation of CBE also improves the survival of 
worms under stresses 
Because aging and stress are correlated and many mechanisms/pathways 
that play a key role in the process of aging (i.e. Insulin/IGF signaling pathway, 
Target of rapamycin (TOR) pathway, autophagy, sirtuins etc.) have also been 
shown to play a key role in stress resistance (Hertweck et al., 2004; Guarente, 
2007).  In chapter two we have shown that CBE supplementation leads to 
protection against heat stress in wild type N2 worms, but no protection was 
observed when the worms were subjected to oxidative stress or U.V. stress. To 
see if the timing of these dietary interventions has an effect against these 
stresses, we carried numerous assays. We observed that CBE supplementation 
did improve the survival of worms when treated from hatching under acute heat 
stress in all the time points (Fig. 3.3). We had observed similar protection against 
heat shock in our previous work and this further demonstrated that CBE does 
have a protective effect against heat stress. Aging also leads to decline in immune 
health. Our studies have shown that CBE supplementation can improve the 
worms’ survival when challenged with certain pathogens. C. elegans has been 
widely used as a model to study host pathogen interactions (Guha S et al., 2013; 
Sifri et al., 2003; Aballay and Ausbel, 2002; Labrousse et al., 2000).   
 
 
Figure 3.2a. CBE supplementation improves motility 
elegans populations. The
minute from 3 independent trials;




 figures here indicate the average body bends per 







Figure 3.2b. CBE supplementation slightly improves the pharyngeal 

































We wanted to see if CBE supplementation provided similar benefits to the 
nematodes when challenged with a pathogen like Vibrio cholerae.  Since 
cranberry has been studied extensively for its anti-bacterial properties and 
previously cranberry has been shown to ameliorate the symptoms of many 
pathogen infections, we wanted to see if CBE would have a similar effect on the 
worms’ health when supplemented at different time points. Previously our lab 
had carried out a screening in which we identified certain bacterial pathogens 
which could establish a persistent infection in C. elegans, leading to death in the 
animals and we could use these to determine if CBE supplementation provided 
any protection against these pathogens.  In this screening we observed that CBE 
supplementation provided distinct benefits against Vibrio cholerae mediated 
infection (fig. 3.4). We also saw the 2mg/ml CBE also didn’t not alter or inhibit 
the growth of Vibrio cholerae. It has already been established that the worm 
model can be used to study Vibrio cholerae mediated infection effectively 
(Vaitkevicius et al., 2006). Hence, we wanted to see if CBE supplementation at 
different stages of life had a positive effect against pathogen mediated mortality. 
We found that CBE pre-treated populations showed significant protection when 
challenged with Vibrio infection (Table 5). Although we saw that CBE 
supplementation improved the survival of older worms, it was not very strong 
when compared to interventions at other ages; this could be attributed to the 
fact that the general immune health of these animals also decrease with age and 





Figure 3.3. Supplementation of CBE improves the survival of worms 
in different aged population against acute heat stress. The bar graph 
represents the percent increase in survival for worms treated with CBE 
compared to non-treated worms (p < 0.0001). The data were pooled from 
lifespan assays. The percentage increase was calculated and analyzed using 
Student’s t-test. p <0.05 was accepted as statistically significant. The mean and 




Table 4.  Long-term supplementation of CBE improves the remaining 
lifespan of worms after acute heat stress.  
HS Mean ± SE Median # of worms p-value 
Day 2 10.04 ± 1.37 10.0 147  
Day 2 pre-treatment 12.84 ± 1.30 13.0 221 0.0001 
Day 6 3.21 ± 0.21 3.0 145  
Day 6 pre-treatment 6.76 ± 1.25 7.0 125 0.0001 
Day 10 3.16 ± 1.45 3.0 116  
Day 10 pre-treatment 6.67 ± 1.73 7.0 131 0.0001 
 
Lifespan and standard error are shown in days. The lifespan experiments 
were repeated at least two times with similar results, and the data for 
representative experiments are shown. The lifespan data were analyzed using 




Nevertheless, this study is important and points towards the potential use 
of cranberry as additional dietary supplement to improve health status of 
individuals. 
3.4 Discussion 
So far we have observed that long-term CBE supplementation does have 
health benefits in C. elegans. It is also really interesting to note here that the aged 
nematode populations benefit the most from these kinds of dietary regimes. In 
this study, we observed that how CBE supplementation improved the lifespans of 
worms treated from birth, not only when they were treated short-term (2 days 
adulthood), but also when the worms have aged farther. This suggests that CBE 
supplementation from birth might cause a stress hormesis which could lead to 
activation of certain aging or stress related pathways. The activation of these 
pathways might help worms treated with CBE to live longer as compared non-
treated controls. Previously, we showed how CBE mediated lifespan extension 
requires the activity of components of aging and stress response pathways like 
the insulin/IGF signaling pathway and the p-38 MAP kinase pathway, indicating 
that pathways might also play a significant role in bringing about the observed 
health benefits. 
In our current work we see that based on the duration of this 






Figure 3.4. CBE supplementation at different doses have protective 
effect against Vibrio Cholerae infection in C. elegans. The worms were 
challenged with Vibrio cholerae infection and different concentrations of CBE 
were used and a lifespan assay was carried out. Each lifespan experiment was 
repeated at least two independent times with similar results. We found that 4 




Table 5.  Long-term supplementation of CBE improves the remaining 
lifespan of worms after Vibrio infection. 
 
Vibrio infection Mean ± SE Median # of worm’s p-value 
Day 2 7.45 ± 1.13 7.0 213  
Day 2 pre-treatment 8.31 ± 1.87 8.0 216 0.0001 
Day 6 5.48 ± 0.46 5.0 213  
Day 6 pre-treatment 6.77 ± 1.20 7.0 197 0.0001 
Day 10 5.00 ± 1.14 5.0 140  
Day 10 pre-treatment 5.73 ± 1.21 6.0 156 0.0280 
 
Lifespan and standard error are shown in days. The lifespan experiments 
were repeated at least two times with similar results, and the data for 
representative experiments are shown. The lifespan data were analyzed using 




Although it looks like CBE supplementation is more beneficial when taken 
for a longer duration, i.e. starting from birth till it reaches old age or mid age, 
these kinds of studies would be hard to replicate in humans because of the sheer 
complexity of dietary timings, the duration of the study and other complications 
that might arise.  
Nevertheless, this type wherein we examine the timings of any dietary 
supplementation and the durations which are required to manifest health 
benefits in different model organism is really important. These investigations 
will improve our understanding about the effectiveness of different treatments 
and the timings that are required to yield the best results.  This will also help us 
maximize the benefits of any supplementation by knowing the best time points 
to begin intervention. All these studies are really important and C. elegans has 








 Aging leads to the onset of numerous age related disorders. With the 
increase in the baby boomer population, these diseases are proving to be a major 
challenge for healthcare systems around the world. Every year millions of people 
are diagnosed with age related pathologies, costing billions to healthcare 
systems. Some of these diseases, Alzheimer’s disease (AD), Parkinson’s disease 
(PD), Amyotrophic lateral sclerosis (ALS), are known to affect the people in 40 to 
60 the age group.  
One of the side effects of aging and metabolism is the generation of free 
radicals which have a damaging effect on various cellular components. There are 
various mechanisms to combat these insults which include enzymes like 
superoxide dismutase and various vitamins including vitamin C and E. One of the 
major targets of oxidative damage are proteins which can lead to damage to their 
tertiary structure, leading to protein aggregation and amyloid formation (Squier, 
2001). With aging, the systems responsible for protein degradation become less 
efficient. In one of the studies carried out in C. elegans, the amount of insoluble 
proteins produced due to aging was investigated, since protein aggregation is 
one of the hallmarks of aging and age related neurodegenerative diseases. They 
identified several hundred proteins that became more insoluble with age, and as 
predicted, almost all of the proteins they were testing formed aggregates in vivo. 
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They also found that inhibiting the insulin/IGF-1 system, which slows aging, 
decreased the rate and extent of inherent protein insolubility and aggregation 
(David et al., 2010). 
Neurodegenerative diseases are caused due to genetic mutations that lead 
to altered expression of numerous proteins and enzymes that lead to a state of 
disorder. AD is one of the major neurodegenerative diseases; it’s characterized 
by progressive neurodegeneration in which two types of abnormal deposits 
found in AD brains, namely neurofibrillary tangles (NFT) and extracellular 
amyloid plaques (Polvikoski, 1995). These plaques are composed of 
hyperphosphorylated tau-forming paired helical filaments (PHF) and amyloid β 
(Aβ) peptide. Alzheimer's disease has been characterized as a protein mis-
folding disease. Plaques, which are comprised of small peptides, 39–43 amino 
acids in length, called beta-amyloid (Aβ) (Priller et al., 2006; Huang and Mucke, 
2012). 
A major symptom of PD is reduced activity of dopamine-secreting cells. 
PD is caused by mutations in genes encoding for Alpha-synuclein 
(SNCA), parkin (PRKN), leucine-rich repeat kinase 2 (LRRK2 or dardarin), PTEN-
induced putative kinase 1 (PINK1), DJ-1 and ATP13A2. The most widely studied 
PD genes are SNCA and LRRK2. Mutations in genes including SNCA, LRRK2 
and glucocerebrosidase (GBA) have been found to be risk factors for sporadic PD. 
It has also been observed that in patients suffering from PD there is an abnormal 
accumulation of the protein alpha-synuclein bound to ubiquitin in the damaged 
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cells. These insoluble proteins accumulate inside neurons forming inclusions 
called Lewy bodies (Davie, 2008; Lesage and Brice, 2009). 
Various model organisms have been used to extensively study 
neurodegenerative diseases and their progression. In invertebrate models like 
Drosophila melanogaster and C. elegans transgenic strains have been prepared 
which can express human proteins associated with various neurodegenerative 
diseases (Link, 1995; Yagi et al., 2000; Elia et al., 1999).  Although these model 
organisms might not have the complexity provided by higher organisms, the ease 
of maintenance and handling make them a robust choice to investigate many 
mechanisms involved in aging and age related pathologies. Due to the benefits 
provided by these model systems, they have been used to study various 
interventions (i.e. dietary, physical etc.) which might play a role in delaying the 
progression of aging and age-related pathologies.   
Studies have shown that dietary interventions using various small 
compounds and nutraceuticals can delay the progression of aging and age 
related pathologies in model systems. Recent studies in worms and flies have 
shown that curcumin, a phenol that is naturally present in turmeric, has a 
protective effect against numerous age-related pathologies. Recently a study 
carried out by Caesar et.al. has shown that curcumin can alleviate Aβ toxicity in 
transgenic Drosophila. In this study it was observed that the longevity and motor 
functions in these transgenic animals were improved by 75% between control 
and curcumin fed flies (Caesar et al., 2012).  In this study they also found that 
there was no change in number or size of Aβ deposits in the flies, but instead 
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observed a tendency to favor amyloid fibril formation over the soluble 
oligomeric Aβ species. Similar studies carried out in C. elegans have shown 
beneficial effects of curcumin supplementation. In studies carried out in C. 
elegans, it was observed that the curcumin reduces the rate of paralysis in 
mutant models for Aβ toxicity and poly-Q aggregation (Alavez et al., 2011). 
Similar experiments have been carried out using other small compounds 
obtained from natural sources; in studies using Gingko biloba in transgenic 
Caenorhabditis elegans model exhibiting AD pathology, the beneficial effects of 
EGb 761 were observed (Wu Y et al., 2006). Liuwei Dihuang (LWDH), a Chinese 
herbal medicine, has been shown to alleviate the symptoms of Aβ mediated 
toxicity. Both water and ethanol extracts of LWDH have shown to have this effect 
(Sangha et al., 2012).  In the same study it was observed that heat shock 
protein(HSP)-16.2 was involved in the protection against Aβ induced toxicity by 
LWDH. In one of the investigations carried out by Dostal et.al. it was observed 
that coffee extracts can protect against amyloid toxicity in a transgenic 
Caenorhabditis elegans Alzheimer’s disease model; here they also showed that 
this protection was conferred by activation of skn-1 transcription factor 
suggesting the key role played by the Nrf2 phase II detoxification pathway in this 
protective phenomenon (Dostal et al., 2010).  
 Here we observed that CBE helps combat the progression of certain age-
related pathologies. We not only saw a delay in paralysis of in the worms in 
which the diseases have been modeled we also saw a decrease in protein 
aggregation in some of the cases. We further investigated the pathways that 
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might be involved in bringing about this protective phenomenon and we found 
out that HSF-1 played a key role in this protection.  
4.2 Materials and methods  
4.2.1 CBE preparation:  
CBE was prepared in the same way as explained in chapter 2. 
4.2.2 Strains and growth conditions 
All transgenic worm strains were maintained in 16 
0
C on nematode 
growth medium (NGM) seeded with Escherichia coli OP50 feeding strain. One 
hundred microliters of OP50 was dropped on the center of the 60-mm NGM 
plates, which were allowed to dry overnight before the assays were carried out. 
For RNAi experiments the strains were grown on the feeding RNAi, strain HT115 
transformed with a dsRNA-expressing plasmid or vector-only control (Kamath et 
al., 2003). In all experiments worms were exposed to CBE from hatching. The 
strains used in these experiments were AM140 (rmIs132[P(unc-54) Q35::YFP]), 
CL4176 (dvIs27[pAF29(myo-3/Ab 1-42/let UTR) + pRF4(rol-6(su1006)]). All the 
strains were obtained from the Caenorhabditis Genetics Center, University of 
Minnesota, USA. 
4.2.3 Worm paralysis assays and polyQ aggregation quantitation  
The assays using strain CL4176 dvIs2 [pCL12(unc-54/humanAb3–42 
minigene) 1pRF4], were carried out as described by Dostal et.al. (Dostal and Link, 
2010). Staged populations of CL4176 transgenic worms were prepared by 
synchronous egg laying and induced to express Aβ as third-stage larvae via an 
upshift from 15 
0
C to 25 
0
C on NGM plates with or without CBE. All paralysis plots 
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were done in triplicate with 15–20 worms per condition. Nematodes were 
scored as paralyzed (24 hours after  temperature upshift), if they exhibited 
‘halos’ of cleared bacteria around their heads (indicative of insufficient body 
movement to access food) or failed to undergo a full body wave propagation 
upon prodding. Synchronized populations of mutant AM140 (rmIs132[P(unc-54) 
Q35::YFP]) were prepared on CBE and control plates,  L4 larvae were transferred 
to NGM plates with  or without CB at 25
0
C. Worms were checked every day and 
the worms that failed to move forward upon the tail prodding scored as 
paralyzed. The data were pooled and the percentage of non-paralyzed worms 
was calculated and analyzed using Student’s t-test. p <0.05 was accepted as 
statistically significant. 
For photographs, animals were paralyzed with 5µl 100 mΜ sodium azide 
mounted on 1% agarose pads and imaged using Nikon AZ100. 10-15 randomly 
selected animals were used for checking the aggregates. 
4.3 Results 
Our previous work has shown that CBE supplementation has a protective 
effect under conditions of heat stress, so here we wanted to investigate if CBE 
supplementation can also ameliorate internal proteotoxic stress in C. elegans. 
Two C. elegans models of human proteotoxic diseases were utilized to study this 
phenomenon: the strain CL4176 (dvIs27[pAF29(myo-3/Ab 1-42/let UTR) + 
pRF4(rol-6(su1006)])  is a robust model for the study of  protein aggregation 
which was developed by Link et al.(1995). in which human Aβ peptide 3–42 is 
expressed under the control of the unc-54 myosin promoter in muscle tissue. 
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Another transgenic worm mutant which was utilized was AM140 
(rmIs132[P(unc-54) Q35::YFP]) which expresses chains of polyQ of different 
lengths, characteristic of the Huntington protein, tagged to YFP driven by the 
unc-54 promoter. As observed in humans, AM140 worms demonstrate an 
aggregation rate that is dependent on the polyQ repeat length, which culminates 
in a paralysis phenotype. 
4.3.1 CBE supplementation delays the progression of paralysis in 
transgenic models of PD and AD 
 We tested the age-dependent polyQ aggregation in control and CBE 
treated animals. Q35-YFP animals were treated with control or CBE (2mg/ml) 
starting from hatching in NGM at 16 0C. Once they reached L4 stage, 15-30 
worms from each treatment were transferred onto NGM FUDR plates.  
Fluorescent images were taken at day 7 of adulthood which is represented by 
Figure 4.1a. 15-20 worms were tested randomly for the aggregates in each 
group. We found that the CBE treatment (2mg/ml) significantly reduced the 
formation of polyQ aggregates at day 7 of adulthood. The paralysis phenotype 
caused by polyQ aggregation was also significantly delayed by CBE treatment in 
these worm mutants which had reached day 5 and day 6 of adulthood (Fig. 4.1b).  
Next we wanted to see if CBE treatment has a protective effect against Aβ 
mediated toxicity in the worm mutant model CL4176. Similar to our previous 
treatments, the worms were subjected to CBE from hatching. Once the 
synchronized population reached the L3 larvae stage (at 16 0C), they were 
shifted to a temperature a temperature of 25 0C. We conducted a paralysis assay 
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24 hrs after this upshift of temperature in which these worms were observed at 
various time points to determine the induction of paralysis phenotype. A 
significant delay in paralysis was observed in the animals treated with CBE, 
suggesting that CBE supplementation can alleviate the symptoms associated with 
Aβ toxicity (Fig. 4.2a). 
4.3.2 HSF-1 is required for CBE mediated protection in Aβ worms  
In chapter two we have shown that CBE mediated lifespan extension and 
stress resistance is mediated by insulin/IGF signaling pathway via DAF-16 and 
components of p-38 MAP kinase pathway .Since it has already been shown that 
by modulating the components of insulin/IGF signaling pathway and p-38 MAP 
kinase pathway can alleviate the symptoms of aging and progression of age 
related pathologies (David et al., 2010; Alavez et al., 2011; Dostal et al., 2010), we 
wanted to investigate if the components of these pathways played a key role in 
CBE mediated protection of AD mutant worms. Similarly, HSF-1 which is a 
transcription factor and is also a master regulator of protein stress response has 
been thought to play a key role in protection against various age related 
pathologies (Heller, 2010).   
HSF-1 regulates the activity of numerous chaperones, these usually 
classified as heat shock factor (HSPs). These HSPs play a major role in folding of 
polypeptides after synthesis, preventing protein denaturation or aggregation and 
directing proteins to degradation when refolding fails; therefore they are 
thought to play a key role in having a protective effect against various age related 
disorders (Hartl and Hayer-Hartl 2002; Kern et al. 2010). 
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The expression of HSP-16 is strictly regulated by HSF-1 and thus appears 
exclusively under stress conditions. The activity of these chaperones also varies 
with age and cell type (Stringham et al., 1992).  In one of the studies carried out 
by Fonte et al., (2008), it was shown that overexpression of HSP-16.2, a C. elegans 
chaperone protein homologous to Aβ crystallin, can suppress toxicity associated 
with human Aβ−(1–42) in a C. elegans AD model (Fonte et al., 2008). In some 
other studies carried out using flies, it was observed that HSP70 overexpression 
has a protective effect against polyglutamate aggregation mediated toxicity in fly 
(Chan et al., 2000). 
Since HSF-1 and HSPs have been shown to play a major role in the process 
of protein homeostasis, we wanted to investigate the role of these pathways. We 
carried an RNAi for these genes and then we observed if the protective effect 
brought about CBE supplementation was abolished due to silencing of these 
genes. We observed that transcription factor HSF-1 was directly involved in this 
protecting the worms against Aβ mediated toxicity (Fig. 4.3a). One target of HSF-
1, HSP 16.2, was not involved in mediating this protection (Fig. 4.3b).  
The insulin signaling pathway has been shown to play the key role in 
lifespan extension and stress response in many model systems from yeast to 
higher organisms, modulating of insulin/IGF pathways has been shown have 















Figure 4.1a. Poly-Q aggregation is reduced. The images above show the 
aggregation phenomenon of poly-Q-YFP in AM140 worms after day 7 adulthood 





Figure 4.1b. CBE supplementation reduces the paralysis induced by 
poly-Q aggregation. Shows the paralysis phenotype associated with polyQ 
aggregation, which is suppressed by CBE, in AM140 worms after day 5 and day 6 




























Figure 4.2a. Decreased rate of paralysis in CL4176 worms expressing 
Aβ 1-42. A paralysis assay was carried out using CL4176 worms and the rate of 
paralysis was monitored at specific time intervals, we observed that in CBE 


























A study carried out by Cohen et.al (2006) showed that in the C. elegans 
model of AD, daf-2 RNAi significantly extends the life span of the Aβ1-42 worms.  
In the same study it was also observed that DAF-16 and HSF-1 target genes are 
jointly essential for the Aβ1-42 detoxification mediated by inhibition of the IIS 
pathway. Having investigated the role of daf-16 in cranberry mediated 
protection, we further investigated if silencing daf-16 in CL4176 AD mutant 
worms using RNAi had an effect on the protection phenotype in CBE 
supplemented nematodes. We found that daf-16 was not required for this 
protection (Fig. 4.3c). 
4.4 Discussion 
In our current work, we have shown that CBE supplementation helps 
delay the progression of many age-related pathologies which have been modeled 
in transgenic C. elegans. We observed reduction in polyQ aggregates in AM140 
worms, an aggregation which is majorly responsible for causing paralysis. 
Subsequently, we observed a decreased rate of paralysis in CBE treated worms 
as compared to controls. Previously, it has been reported that components of 
insulin signaling pathway and daf-16 activity play an important role in the 
progression of this disease (Guarente and Kenyon 2000), since CBE 
supplementation extends lifespan in worms using similar mechanisms, there 
might be link between the two processes. 
Similarly, we observed protection in transgenic worms of AD. We tested 
the pathways that might be responsible for bringing about this protective 
phenomenon in these nematodes; we investigated if knocking down certain 
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genes by RNAi, could abolish the positive effect of CBE. We searched previous 
literature and found certain genes or transcription factors in C. elegans that 
might play a crucial role in the progression of Aβ mediated pathogenesis. 
Our investigation led us to believe that transcription factor HSF-1 plays a 
significant role in CBE mediated protection against AD. We did not see a similar 
loss of protection phenotype for DAF-16, the activity of which is regulated by the 
insulin signaling pathway. This suggested that HSF-1 might play a very important 
role in CBE mediated protection against AD. Previously, it was shown that 
inhibiting the activity of HSF-1 transcriptome during development has a 
deleterious effect towards Aβ 1-42 toxicity in C. elegans (Cohen et al., 2006). 
 Previous work carried out in our lab has shown that 2mg/ml CBE 
supplementation can rescue worms under acute heat stress. We also saw that 
CBE mediated lifespan extension required the activity of HSF-1 as the extension 
of lifespan was abolished in HSF-1 mutant worms (data not shown). This pointed 
to the idea that HSF-1 might play a key role in CBE mediated lifespan extension 
and stress resistance by maintaining protein homeostasis and activating other 
stress responsive pathways. 
Heat shock response is one of the basic mechanisms to protect cell from 
various stresses. HSF has been linked to various physiological processes such as 
development, aging, and immunity. These processes have been defined largely 
through studies of the single Caenorhabditis elegans HSF homolog, hsf-1 (Cohen 





Figure 4.3a.  HSF-1 is involved in CBE mediated protection against 
AD. At each time point the percentages of non-paralyzed worms were calculated 
between CBE treated and control worms after treatment with hsf-1 RNAi. This 
figure clearly shows that CBE treated worms are paralyzed at a quicker rate than 


























Figure 4.3b. HSP-16.2 is not involved in CBE mediated protection 
against AD. At each time point, the percentage of non-paralyzed worms are 
calculated between CBE treated and control worms, after they were treated with 
hsp16.2 RNAi. This figures clearly shows that CBE treated worms become 





























Figure 4.3c. DAF-16 is not involved in CBE mediated protection 
against AD. At each time point, the percentage of non-paralyzed worms are 
calculated between CBE treated and control worms, after they were treated with 
daf-16 RNAi. This figures clearly shows that CBE treated worms are paralyzed  at 




























HSF-1 activates various HSPs which have diverse roles, including carrying 
out essential housekeeping functions and acting as molecular chaperons that are 
important for the survival of prokaryotic and eukaryotic cells (van Eden et al., 
2005).   Also, hsf-1 has been shown to play a significant role in diseases that lead 
to protein misfolding and aggregation like Huntington's and Alzheimer's diseases 
(Cohen et al., 2006; Hsu et al., 2003; Morley and Morimoto, 2004). We tested one 
of the downstream targets of HSF-1in C. elegans (i.e. HSP 16.2) and we found out 
that it was not required for CBE mediated protection against AD. 
Since aging is the preeminent risk factor in human neurodegenerative 
diseases, these kinds of studies are really important because they give an insight 
into novel therapeutic strategies for combating human neurodegenerative 
diseases. The health benefits of nutraceuticals have been demonstrated in 
various studies and this investigation further gives credence to the theory that 
nutraceuticals and other dietary interventions indeed have numerous health 
benefits. In the future it would be interesting to study the effect of CBE on other 
models of age-related diseases like ALS, PD, HD etc. because of the common 
mechanisms shared by many of these diseases. 
Numerous promising results have been obtained in model organisms that 
suggest evolutionarily conserved mechanisms are involved in their beneficial 
effects. However, further extensive studies will be required to demonstrate 
whether any nutraceuticals or pharmaceuticals can effectively delay aging or 
age-related disease in humans. A wider range of additional assays should be 
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considered to help us better understand the aging processes and improve the 




CONCLUSIONS AND FUTURE WORK 
  Our study highlights the numerous health promoting benefits of the 
North American cranberry (Vaccinium macrocarpon) in the model system C. 
elegans and the mechanistic pathways that might be involved in bringing about 
these health benefits. Here we have shown how CBE supplementation extends 
the lifespan of these nematodes in a concentration dependent manner. We 
checked the regular behaviors of these nematodes because it has been previously 
reported that some dietary interventions cause developmental delays and also 
might cause changes in other physiological characteristics (Saul et al., 2010) and 
found that these parameters were not altered. We also checked these 
characteristics in aged worms and found that long term CBE supplementation 
improves these phenotypes in older worms. 
 Next we wanted to see which pathways/mechanisms might be involved 
in mediating this lifespan extension phenomenon in C. elegans. We found that 
CBE mediated lifespan extension required the activity of insulin/IGF signaling, 
which is a major regulator in the process of aging and stress response. We also 
found that DAF-16 was essential for mediating this process. In the future, it 
would be also interesting to study the role of other components which are 
regulated or are downstream of insulin signaling mechanism. Our preliminary 
data has shown that CBE mediated lifespan extension also requires the activity of 
HSF-1 which is one of the major targets of this pathways. This data is really 
exciting because our previous data has shown that CBE protects the worms from 
acute heat stress; also we found that HSF-1 was one of the key regulators in CBE 
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mediated protection against AD. Since our preliminary data looks very 
promising, it will be important to carry out further tests to see the role played 
hsf-1, its upstream and downstream targets, and how they function when 
subjected to CBE and under various conditions. 
Similarly, we tested the components of p-38 MAP kinase pathway. 
Previously it was shown how the components of this pathway play a key role in 
lifespan extension which is mediated by other dietary supplements (Wilson et al., 
2006). We found that CBE mediated lifespan extension required OSR-1 and 
certain components of the p-38 MAP kinase pathway. This data is really 
interesting since in one of the studies that we carried out previously, we found 
that CBE supplementation provides protection against bacterial pathogens like V. 
cholarae. p-38 MAP kinase mediated pathways play  key role in innate immune 
responses and hence it would be interesting to see how they affect the worm’s 
immune health when supplemented with CBE and then challenged with various 
bacterial pathogens.   It has been previously observed that increased levels of 
oligomeric Aβ that occur in AD brain could activate signaling cascades that 
increase p-38 activity. Additionally, the potential role of p-38 in AD inflammation 
is fairly obvious (Dalrymple, 2002). We also wanted to investigate whether the 
components p-38 MAP kinase pathway would play a role in CBE mediated 
protection against AD. We blocked the expression of pmk-1 using RNAi and found 
that it might be partially involved in this process (data not shown). Although this 
data is just from two rounds and should be considered very preliminary, both the 
rounds have shown a little variation. It would be a good to carry out this assay 
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few more times, to clarify this relationship. Because this assay may vary due to 
the activity of RNAi , we also need to verify RNAi efficiency in this case to get a 
clear picture. 
We tested other pathways that are associated with the process of aging 
and stress response and found that and found out that TOR, SIR 2.1 and JNK-1 
mediated pathways were not involved in CBE mediated lifespan extension. In the 
future, it would be interesting to see if other pathways associated with aging and 
stress response might play a role in this process. Hence, it would be interesting 
to see how various factors involved with mitochondrial metabolism, autophagy, 
DNA damage/repair, etc. might play a role in CBE mediated protection and stress 
response.  Since recent studies have shown how autophagy plays a key role in 
the process of aging and stress response (Eisenberg, et al., 2009; Meléndez et al., 
2003), it would be critical to see if CBE supplementation activates certain key 
processes mediated by these mechanisms. 
It is a well-established fact that aging and stress response are correlated, 
so we wanted to study if CBE supplementation would provide the worms with 
protection against various stresses which an organism encounters during its life 
time. We found that CBE supplementation helped the worms’ survival under heat 
stress but not under U.V, oxidative stress or metal stress. We also saw that CBE 
supplementation made the worms more susceptible to both chronic and acute 
osmotic stress. This phenomenon could be attributed to the fact that CBE 
meditated lifespan extension requires the activity of the OSR-1 pathway. 
Previous studies have shown that how OSR mutant worms are highly resistant to 
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osmotic stress (Solomon et al., 2004). This data shows a direct correlation with 
our study wherein we see how CBE supplementation makes the nematodes more 
susceptible to osmotic stress.  
Our data indicates that CBE supplementation had a protective effect 
against heat shock, similar to data published in previous studies where it was 
shown that numerous botanicals improve the survival of C. elegans under heat 
stress (Wilson et al., 2006; Wu et al., 2006). Our preliminary data has so far 
indicated that CBE mediated lifespan extension as well as protection against heat 
shock requires the activity of HSF-1. In the future, it might be really interesting to 
see how other modulators of aging and stress response might play a key role in 
this protection against heat shock and what their mechanism of action might be. 
Since we already know that the components of insulin signaling pathway play a 
key role in modulating the activity of HSF-1 in C. elegans and are also required 
for survival of various organisms under stress response (Hsu et al., 2003; Chiang 
et al., 2012), it should be of prime importance to check whether the insulin 
signaling pathway play a role in this protection, as our work has already shown 
that CBE mediated lifespan extension requires the activity of this pathway. 
Similarly, it would be really interesting to see if certain other pathways which 
are activated by stress response, like SKN-1, JNK kinases, p38 MAPK etc., play a 
role in this protection. 
In our studies we also determined how different timings for CBE dietary 
interventions might have an effect on lifespan, stress response and regular 
behaviors of these animals. To test this, we carried out assays wherein we 
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supplemented the worms’ diet with CBE from hatching to a certain stage of life. 
Our data showed that long term CBE consumption in the worm’s diet not only 
promoted the lifespan of older worms, but also improved the healthspan of the 
aged population. This study is important considering the fact that timing of a 
dietary interventions also very important role in determining the efficacy of such 
interventions. In addition currently we are testing how introducing the CBE in 
the worm’s diet after it has reached adulthood might play a role in the aging and 
stress response. This study will help us determine at which stages cranberry 
consumption might have maximum benefits. 
One of the consequences of aging is the onset of age-related disorders. In 
our current work we have observed how CBE supplementation delays the 
progression of certain age related pathologies. To study how this protective 
mechanism was functioning, we surveyed a few genes which are thought to play 
a key role in progression of these diseases. Our analysis revealed that HSF-1 
played a major in this CBE mediated protection against AD. We also tested 
certain other factors like skn-1 and pmk-1. The delay in progression of paralysis 
due to supplementation of coffee extract was completely halted in skn-1 RNAi 
treated CL4176 worms, suggesting that this pathway might play a key role in this 
process. In other studies carried out in fly models of neurodegradation, it was 
observed that the activation of Nrf-2 pathways played a key role in the protective 
effect granted when tobacco and coffee extracts were supplemented into the diet 
of the flies (Trinh et al., 2010). This led us to believe that skn-1 might play a key 
role in CBE mediated protection against AD. A study should also be carried out 
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see if CBE supplementation can also affect the protein homeostasis, since 
previous studies have highlighted the importance of age-related changes in 
protein structure and function. Previous investigations have highlighted how 
aging causes changes in the solubility of proteins in the worms (David et al., 
2010; Reis-Rodrigues et al., 2012). It would be interesting to see if CBE 
supplementation has an effect on protein solubility and homeostasis. This study 
would reveal how CBE supplementation might have a beneficial role in age-
related disorders. A similar study could also be performed using other models of 
age-related pathologies in worms and see if CBE supplementation has positive 
against them. These studies might reveal how cranberry can be used a diet 
supplement to combat different age-related disorders. 
Our current studies have been carried out using an extract obtained from 
crude cranberries. It is well known that cranberry is a mixture of various 
polyphenolic compounds and phytochemicals (Pappas and Schaich, 2009), which 
individually exert different effects and might activate different mechanisms. This 
study is really important and highlights the holistic benefits of cranberry on 
aging, healthspan, stress response, etc. but further studies should be carried out 
wherein we should use different fractions or individual components obtained 
from the crude mixture to see their specific potential health benefits. Although 
extracting these fragments and screening their activity would be challenging 
because of the cost, time, and other complications involved, it has a potential for 
future development of new drugs that might have various health benefits. 
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Our study here highlights some of the health benefits provided by 
nutraceuticals, and especially CBE supplementation in the model system C. 
elegans. Although our study is a very preliminary step to studying the health 
benefits of cranberry supplementation in diet, it opens up avenues for a plethora 
of research that can be carried out in the future. We carried out our studies using 
the worm model C. elegans, which has emerged as one of the best model systems 
to study the process of aging and stress response because of its short lifespan 
and homology of mechanisms in higher organisms including humans. Similar 
studies can be carried out in higher organisms to study the health benefits of 
cranberry consumption. Since we also studied the mechanisms involved in this 
process, in future we can find out how and at which step these benefits occur. 
Future screenings of dietary interventions, nutraceuticals, compounds, etc., can 
be modeled in our study, which is immensely important. The long-term goal of 
our study is to provide evidence that nutraceuticals like cranberries can be used 





















Figure A.1. CBE treatment reduces age induced sarcopenia in 
PD4251 worms. The top panels show worms on day 5 with and without CBE 
treatment and the bottom panels also, the bottom panel show the similar 
treatment but in 10 day old worms. The 2mg/ml CBE treated animals clearly 





Figure A.2.  CBE-mediated lifespan extension does not require the 
components of TOR-1 mediated pathway. The rsks-1(ok1255) mutant worms 
were treated with 2mg/ml CBE had a mean lifespan 18.905 days, and the non-
treated controls had a mean lifespan of 14.485 days (p < 0.001). Lifespan 






Figure A.3. Reduction in intestinal fat in CBE treated worms. A nile 





Data presented in appendix A are some experiments that we did in 
addition to what was presented in Chapter 2. We wanted to see if CBE 
supplementation helps the worms maintain muscle mass and leads to decrease 
in age-related sarcopenia. We used a transgenic strain MYO-3::GFP-NLS 
transgenic strain  PD4251, in these animals the GFP reporter is located in the 
muscle nuclei, and aging-related deterioration of C. elegans body wall muscle is 
indicated by GFP fluorescence decline (Cai et al., 2011; Herndon et al., 2002). As 
shown in Fig. A.1, GFP labeled nuclei dimmed in the controls with aging, while 
CBE treatment reduced the decline of the fluorescence significantly. We have also 
observed that CBE supplementation reduces the fat content in mid aged worms 
(Fig. A.3). Taken together these two results are really interesting because of the 
correlation between muscle functioning, fat and aging. Since a lot of fatty acids 
play a key role in various biosynthetic pathways responsible for aging including 
age induced sarcopenia (Herndon et al., 2002; Kashyap et al., 2012).  
We also investigated the role the TOR pathway on CBE mediated lifespan 
extension we used rsks-1 loss of function mutants. let-363 and rsks-1 are the core 
components of TOR pathway in C. elegans, and deletion of either of them results 
in worm’s lifespan extension.  We found that CBE mediated lifespan extension 
did not require TOR pathway because CBE treatment was still able to increase 











Figure B.1. CBE supplementation causes reduction in low molecular 
weight Aβ monomers. Western blot analysis of Aβ accumulation after 24 hr 
after upshift of CL4176 grown on control or 2 mg/ml CBE plates and 
visualization of monomeric (7 kDa band, boxed) and multimeric (higher 
molecular weight 15 kDa), normalized with actin. Shown are total protein 
preparations (30µl normalized by weight) experiments fractionated on a 4–12% 






Figure B.2. SKN-1 is partially involved in CBE mediated protection 
against AD. This plot shows the percentage non-paralyzed CL4176 worms at 





























Data presented in appendix B is an experiment that we did in addition to 
what was presented in Chapter 4. We further wanted to observe the fate of the 
proteins involved in the Aβ mediated toxicity. To study the aggregation pattern 
of the Aβ proteins in AD mutant model CL4176 we carried out a western blot. 
Wherein we treated with CBE and without and induced the Aβ expression.  After 
we collected enough worms we carried out a SDS-PAGE electrophoresis and 
subsequently a western blot to determine if the levels of Aβ protein with and 
without CBE treatment. We observed that there was a reduced amount of low 
molecular weight oligomers in the case of CBE treated worms as compared to the 
controls (Fig. B.1). This was similar to what was observed by Cohen et al. (2006), 
wherein they saw that reducing the activity of daf-2 by RNAi in Aβ mutant 
worms had less amounts of low molecular weight aggregates in post debris 
supernatant (PDS) fractions, as compared to worms treated with empty vector 
(EV) controls.  In the same study it was postulated that low molecular weight 
fragments may be required for the progression of paralysis in C. elegans. 
Previous studies have shown that coffee extract and LWDH show a protection 
against AD by reducing the amounts of low molecular weight Aβ monomers 
(Dostal et al., 2010; Sangha et al., 2012). 
The delay in progression of paralysis due to supplementation of Coffee 
extract was completely halted in skn-1 RNAi treated CL4176 worms, suggesting 
how this pathway might play a key role in this process. In some other studies 
carried out in fly models of neurodegradation it was observed that the activation 
of Nrf-2 pathways played a key role in the protective effect when tobacco and 
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coffee extracts were supplemented into the diet (Trinh et al., 2010). This led us 
to believe that skn-1 might play a key role in CBE mediated protection against 
AD. To test this we carried out a paralysis assay by silencing skn-1 by RNAi for 
CBE treated and non-treated nematodes. Our preliminary data showed that SKN-
1 might be required for CBE mediated protection against Aβ pathogenesis, 
although we just carried out two rounds of the assay and each round has a few 
variations, hence we need to carry out a few more rounds of this assay to confirm 
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